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Five years of translation 


n October 2009, the Nobel committee awarded priz- 

es for basic research on ribosomes and telomeres. In 

the same month, AAAS launched a new journal with 

a different focus—Science Translational Medicine 

(SciTM)—staking out a clear role for the organiza- 

tion in advancing clinical medicine. One year later, 

awards at the pinnacle of science also recognized 
more translational achievements.* 

Worldwide, scientists are thinking more about the 

translational value of their work, and big efforts have 


neered receptors for targeting cancers ranging from leu- 
kemias to neuroblastoma. Cancer immunotherapy was 
chosen as Science’s 2013 Breakthrough of the Year, and 
the field is poised to make more major leaps. 

SciTM also published a key resource for exploring the 
links between disease and the human microbiota—a 
mouse model in which microbes of the human gut set 
up residence in the mouse gut for study under controlled 
conditions.{ Since then, this model has shown that in- 
testinal microbes transferred from obese or malnour- 
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been funded to create institutes that bridge basic re- | ished people confer these maladies to recipients and that Editor 
search and clinical practice. Over the past 5 years, there gut microbes contribute to colon cancer and fatty liver Science 

has been an exciting outgrowth disease. Further elucidation of Translational 
of research programs and fund- microbe-disease associations Medicine 


ing resources focused on dis- 
coveries at this interface. With 
the guidance of Elias Zerhouni, 
SciTM’s founding Chief Scien- 
tific Advisor and former director 
of the U.S. National Institutes 
of Health, the journal shaped 
its mission: to provide an inter- 
disciplinary forum for research 
that makes tangible progress 


using this model will lead to 
treatments and preventions that 
improve health. 

In an early application of bio- 
engineering to cancer, Sci7M 
reported an implantable vac- 
cine depot built from a polymer 
matrix.§ Loaded with a soluble 
signal to attract immune cells, 
the polymer triggers an immune 


Downloaded from www.sciencemag.org on October 9, 2014 


IMAGES: (INSET) MOKOM 01; (TOP RIGHT) C. SMITH/SCIENCE; (BOTTOM RIGHT) STACEY PENTLAND PHOTOGRAPHY 


toward improvements in clini- response in the host, just like a Marcia McNutt 
cal medicine by applying basic natural infection. Mice carrying Editor-in-Chief 
biological research and engi- the implant produce lympho- Science journals 
neering science. Then and now, cytes that kill cancer cells and 
with Chief Scientific Advisors squelch undesirable immune 
Elazer R. Edelman and Garret cells, resulting in tumor regres- 
A. FitzGerald at the helm, Sc7TM sion and longer survival. This 
publishes findings from all areas “ 4 7 4 fruitful collaboration among 
of biomedicine, including those Worldwide, scientists materials scientists, bioengi- 
with roots in engineering and are thinking more about neers, and immunologists has 
the physical sciences. the translationa l va lue led to a clinical trial of a small 
On this 5-year anniversary . disklike sponge inserted under 
of SciTM, the journal’s progress of their work...” the skin of patients with mela- 
and support of this exciting noma—the first test of the sys- 
and _ vital “bench-to-bedside” tem in humans. 
enterprise can be traced through its published papers Recently, Stephen Palumbi, a prominent marine biolo- 
that have spurred encouraging translational progress. gist, commented that the rise of the conservation mis- 
Early success was reported in 2011 with the treatment | sion at aquariums provided the perfect outlet to bring 
of two advanced leukemia patients with T lymphocytes | marine ecosystem research to an audience that is larger 
engineered to attack tumor cells.t These therapeutic | and more powerful than a few dozen academic peers. 
immune cells—decorated with chimeric antigen recep- | Although awards and citations are intellectually gratify- 
tors—seemed to be long-lasting memory T cells, rais- | ing, little compares with the satisfaction of knowing that 
ing hopes that remission would be permanent. Today, one’s research has had an impact on the well-being of 
these patients remain cancer-free. Numerous biotech society. As a science community, we should be creating 
and pharma firms are now genetically engineering T | more opportunities for facilitating the transfer of science 
cells, and the approach appears to work for other blood | in the service of society. 
cancers. At present, 52 clinical trials employ these engi- - Katrina L. Kelner and Marcia McNutt 
*S. Desmond-Hellman, Sci. Trans/. Med. 2,63ed9 (2010). +M. Kalos et al., Sci. Transl. Med. 3, 95ra73 (2011). 
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Psychologist Elizabeth Loftus of the University of California, Irvine, ona 
National Research Council report calling for a more scientific approach to 
eyewitness identifications of suspects in a lineup. http://scim.ag/eyewitID 


Ancient cave art in Indonesia 
Cee geo 


These hand stencils in an Indonesian cave may be among the oldest rock art in the world. 


t least 40,000 years ago, prehistoric artists were stenciling 
their hands and painting images of primitive pigs on the walls 
of a cave on the Indonesian island of Sulawesi, according to a 
study published in Nature this week. The new dates came from 
the decay of uranium in the mineral crusts that formed over 
time atop the paintings in seven caves. If the dates are accu- 
rate, this would be some of the oldest rock art in the world, challeng- 
ing the view that Europeans were the first to paint figurative rock art. 
Eerily similar stencils of hands and paintings of animals in France 
date to almost the same time and have long been thought to be the 
first examples of such sophisticated figurine art. The finding suggests 
that humans might have created rock art independently on both con- 
tinents at the same time—or that modern humans brought this sen- 
sibility with them as they swept out of Africa and spread around the 
globe in the past 60,000 years. http://scim.ag/cavepaint 
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Stem cell trial is off 


ROME | The Italian government won’t 
proceed with plans for a human study of 

a stem cell treatment that has led to fierce 
debates the past 3 years. On 3 October, an 
expert panel appointed by Health Minister 
Beatrice Lorenzin concluded that the treat- 
ment, developed by the Stamina Foundation 
in Turin and widely criticized by scientists, 
hasn’t been shown to be safe and should not 
undergo the formal clinical trial ordered by 
law in 2013 (Science, 31 May 2013, p. 1028). 
The panel’s verdict led Lorenzin to scrap 
the study immediately. “The decision has 
left me amazed,” says Stamina Foundation 
President Davide Vannoni, who says he 
will appeal the verdict at a court in Rome. 
http://scim.ag/Itstemcell 


First commercial CCS plant opens 


ESTEVAN, CANADA | A Saskatchewan- 
based company has opened the first 
commercial-scale coal-fired power plant 
to include carbon capture and storage 
technology. SaskPower’s CA$1.4 billion 
Boundary Dam project, hailed by pro- 
ponents of “clean coal” technology, went 
online 2 October. The company plans to 
capture and sell as much as 90% of its 
emissions, amounting to 1 million tonnes 
of CO, each year, to oil company Cenovus 
Energy. Cenovus will then transport the 
compressed gas via pipeline to an enhanced 
oil recovery site 66 kilometers away. 


Construction on TMT begins 


MAUNA KEA, HAWAII! | With the untying of 
the maile lei and the turning of dirt with 
the O’o stick, construction of the $1.4 billion 
Thirty Meter Telescope (TMT) officially 
began this week on the sacred summit. 
TMT will comprise a primary mirror 

30 meters across made up of 492 hexago- 
nal segments, and two smaller mirrors; 
together, they will give about 10 times 
better resolution than the Hubble Space 
Telescope. An international consortium 
from the United States, Canada, Japan, 
China, and India, TMT is the third to join 
the extremely large telescopes club; the 
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Each globe shows cumulative 
ocean warming (in red) for 
successive decades from 
1955 through 2011. 


‘Overheated oceans 


I he oceans store more than 90% of the warming caused by greenhouse gases. But 
anew study argues scientists may have underestimated how much heat the upper 
oceans have-actually absorbed over the past 40 years, due to the lack of ocean 
data in the Southern Hemisphere. The team compared a new analysis of heat 
content inthe region, inferred from satellite data and models, to measurements 

from buoys and other devices in the water—and found a large inconsistency. Past global 
estimates of long-term warming could be 25% or more too low, they report this week 

in Nature Climate Change. The findings also suggest the oceans may be considerably 
more sensitive to greenhouse warming than thought. http://scim.ag/oceanwarm 


25-meter Giant Magellan Telescope and 
the 40-meter European Extremely Large 
Telescope are under construction in 
Chile. All three are scheduled to collect 
first light in 2022. 


Students fight degree downgrade 


MEXICO cITY | After days of protests, 
the Mexican government has agreed 

to reverse a controversial change to the 
degrees granted by the country’s 
National Polytechnic Institute (IPN). On 
24 September, IPN released new bylaws 
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that downgraded some of its professional 
engineering degrees to technical degrees. 
Many students and professors felt the 
move was kowtowing to businesses that 
employ IPN graduates, because technicians 
cannot command the higher salaries engi- 
neers earn. On 3 October, interior minister 
Miguel Angel Osorio Chong, appearing 
before thousands of student protesters, 
agreed to cancel the bylaw changes. “Like 
you, we're invested in making sure IPN 
continues to offer a quality education,” he 
said. IPN’s director and secretary-general 
have both since resigned. 
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Drug trial data to be shared 


LONDON | After an 18-month saga, the 
European Medicines Agency on 2 October 
approved the details of a new system open- 
ing clinical trial data to public scrutiny. 
Proponents of open sharing praised the deci- 
sion, which will allow scientists to download 
and reanalyze data. Earlier proposals would 
have allowed data to be viewed only on 
screen (Science, 23 May, p. 784). But cam- 
paigners still worry that information could 
be redacted before the reports are shared. To 
take effect in 2016, the new rules will apply 
to data submitted after 1 January 2015 as 
part of applications to market drugs. The 
policy will serve as a bridge until the rollout 
of a revamped E.U. clinical trial regulation, 
which will include new provisions for the 
release of clinical trial results. 
http://scim.ag/EMAdatashare 


Three Q’s 


Hong Kong is in the 
throes of a confron- 
tation between the 
government and a pro- 
democracy movement 
over proposed electoral 
restrictions. University 
students are play- 

ing a leading role, boycotting classes to 
demonstrate. Peter Mathieson, a kidney 
researcher and the University of Hong 
Kong’s vice chancellor, discussed 

the situation. 


Q: Howis your university being affected? 

A: The students have become very sig- 
nificant figures in the deliberations with 
the government. I imagine this is going 

to have an effect for years to come in terms 
of student activism. 


Q: If democratic principles are compro- 
mised, would that affect your ability to attract 
faculty and students from abroad? 

A: It makes me concerned that people 
might be put off in the short term by a 
feeling that Hong Kong is now a place of 
great uncertainty. 


Q: Do you worry that as mainland China’s 
influence grows in Hong Kong, academic 
freedom might be curtailed? 

A: At the moment, there is manifestly free- 
dom of speech and freedom of association 
being practiced in the streets of Hong Kong. 
A critical part of my role is to do everything 
that I can to defend academic freedom and 
freedom of speech in the future. 
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Stem.cell recipe offers diabetes hope 


Researchers coax stem cells into becoming long-sought insulin-producing B cells 


By Gretchen Vogel 


ouglas Melton is as impatient as any- 

one for a cure for diabetes. His son de- 

veloped the disease as an infant, and 

his daughter was diagnosed at age 14. 

For most of the past 2 decades, the de- 

velopmental biologist at the Harvard 
Stem Cell Institute has focused his research 
on finding a cure. This week, he and his col- 
leagues report a potentially significant step 
toward that goal: a recipe that can turn hu- 
man stem cells into functional pancreatic B 
cells—the cells that are destroyed by an auto- 
immune attack in type 1 diabetes patients 
such as Melton’s son and daughter. The 
cells his group made respond to glucose by 
producing insulin, just as normal f cells do. 
And when implanted into mice with a form 
of diabetes, the cells can cure the disorder. 

“The diabetes research community has 
been waiting for ages for 
this type of breakthrough,” 
says Jorge Ferrer, who 
studies the genetics of 
B cells at Imperial Col- 
lege London. The _lab- 
generated cells should be 
a valuable tool for study- 
ing diabetes and, Melton 
hopes, could eventually be 
used to treat patients. 
Throughout the day, 

the pancreas regulates the 
body’s blood sugar levels, responding to an 
increase in glucose after a meal by secreting 
insulin, which helps cells take up the sugar. 
In type 1 diabetes, the body’s immune system 
mistakenly kills the B cells for still-unknown 
reasons, and the body is left without insu- 
lin. People control their diabetes by inject- 
ing carefully calibrated doses of insulin. But 
matching the precise insulin control achieved 
by the healthy pancreas is almost impossible, 
so researchers have hoped for decades to find 
a way to replace the missing cells. 


Douglas Melton 
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When scientists isolated human embry- 
onic stem (ES) cells in 1998, hopes soared. 
ES cells are pluripotent, which means that 
in theory they can turn into any of the 
body’s cell types—including f cells. Indeed, 
one of the first things researchers tried to 
make from ES cells was pancreatic B cells. 
Later, they tried with so-called induced 
pluripotent stem (iPS) cells, made by re- 
programming adult cells into an embryo- 
like state. Either way, “it’s proved to be 
an extraordinarily complicated undertak- 
ing,’ says Mark Magnuson of Vanderbilt 
University in Nashville, who studies pancre- 
atic development. 

Several teams have turned stem cells 
into precursors of 8 cells, which mature 
when placed into experimental animals. 
But the cells take 6 weeks to become fully 
functional B cells, and they can’t be easily 
studied outside the body. 

In Cell this week, 
Melton and his colleagues 
report a complex recipe 
that can transform ei- 
ther human ES cells or 
iPS cells directly into 
functional 8 cells. The 
breakthrough is based on 
more than a decade of te- 
nacious work in Melton’s 
lab. He and his colleagues 
have painstakingly stud- 
ied the signals that guide 
pancreas development, applying what they 
and others have found to develop their 
method. “There’s no magic to this,” Melton 
says. “It’s not a discovery so much as ap- 
plied developmental biology.” 

The protocol “is reproducible, but it is 
tedious,” Melton adds. The stem cells are 
grown in flasks and require five different 
growth media and 11 molecular factors, 
from proteins to sugars, added in precise 
combinations over 35 days to turn them into 
6B cells. On the bright side, Melton says, the 
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Two weeks after transplant into a diabetic mouse, 
human pancreatic f cells made in the lab produce 
enough insulin (green) to cure the animal. 


technique can produce 200 million £ cells 
in a single 500 ml flask—enough, in theory, 
to treat a patient. Melton says the protocol 
seems to work equally well with ES and iPS 
cell lines. 

Before the cells can be used to treat type 
1 diabetes, researchers need to find a way to 
protect them from immunologic rejection. 
The same autoimmune response that trig- 
gered the disease would likely attack new 
B cells derived from the patient’s own iPS 
cells, and a normal immune response would 
destroy ES-derived B cells, which would ap- 
pear foreign. (That has been a challenge 
for efforts to treat type 1 diabetes with 
transplants of 6 cells from deceased organ 
donors.) Melton and colleagues are now ex- 
ploring how to physically encapsulate their 
stem cell-derived B cells, as well as ways to 
modify the B cells to enable them to ward off 
immune attack. 

In the meantime, the cells should help the 
study of both type 1 and type 2 diabetes. (In 
type 2, B cells are present but can’t keep up 
with the body’s insulin demands.) The tech- 
nique “potentially provides ways to create 
model systems for studying the genetic ba- 
sis of diabetes, or to discover novel therapies 
to enhance existing cells,” Ferrer says. For 
example, using iPS cell lines from people 
with type 1 and type 2 diabetes and healthy 
controls, Melton’s lab is generating f cells to 
look for differences that explain the distinct 
forms of the disease. They also will screen 
for chemicals that can stop or even reverse 
the damage diabetes does to f cells. 

Melton says his son and daughter—now 
23 and 27 years old, respectively—were 
pleased but unsurprised by his group’s prog- 
ress. Reversing the parent-child role, they 
gently nagged him to “get going and solve 
the [immune-rejection] problem.” & 
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NOBEL PRIZES 


In a roaming rat, individual grid cells 

fire at regularly spaced intervals (top), 
forming a navigational grid; place cells fire 
whenever an animal enters a specific spot 
in the environment (bottom). 


Brain's GPS finds top honor 


“Place” and “grid” cells help explain how we navigate 


By Emily Underwood 


ere’s a valuable lesson for neuro- 
scientists everywhere: Give your test 
subjects a little freedom to roam. 
In the 1970s, when neuroscientist 
John O’Keefe was at McGill Univer- 
sity in Montreal, Canada, he recorded 
rat brain activity in a region called the hip- 
pocampus as the animals meandered freely 
about enclosures. He and colleagues 
spotted a group of neurons that 
fired only when the animals passed 
by a particular spot. Together, these 
“place cells” acted as a mental GPS, 
enabling the rats to create a mental 
map of their surroundings, O’Keefe 
says. Now director of the Sainsbury 
Wellcome Centre for Neural Cir- 
cuits and Behaviour at University 
College London, O’Keefe learned 
this week that his discovery won him one 
half of the 2014 $1.1 million Nobel Prize in 
physiology or medicine. 

Place cells “set in motion an entire field” 
within neuroscience, says Loren Frank, a 
neuroscientist at the University of Califor- 
nia, San Francisco. “Hundreds, if not thou- 
sands” of neuroscientists interested in how 
the brain perceives, remembers, and plans 
movement through space flocked to study 
the hippocampus’s role in spatial memory af- 
ter O’Keefe’s original find, adds Lynn Nadel, 
a neuroscientist at the University of Arizona 
in Tucson, who collaborated with O’Keefe on 
a 1978 book about place cells. 

Among those drawn to the nascent field 
was the couple who shared the Nobel Prize 
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PHYSIOLOGY NOBEL 


“for their discoveries 
of cells that constitute 
a positioning system 
in the brain” 


John O'Keefe 
May-Britt Moser 


Edvard Moser 


with O’Keefe: May-Britt Moser, now direc- 
tor of the Centre for Neural Computation in 
Trondheim, Norway, and Edvard Moser, now 
director of the Kavli Institute for Systems 
Neuroscience in Trondheim. The husband- 
wife team, who briefly worked in O’Keefe’s lab 
as postdocs, also monitored the brain activity 
of roaming rodents, chemically inactivating 
the hippocampus to identify other brain re- 
gions involved in spatial navigation. In 2005, 
they published their Nobel- 
winning finding: a set of “grid 
cells” in a brain region called the 
entorhinal cortex. Unlike place 
cells, which signal a_ specific 
point in the environment, indi- 
vidual grid cells fire in a roam- 
ing rodent at multiple, regularly 
spaced locations, which form a 
honeycomblike pattern. They 
may provide a set of reference 
points for navigation, though more research 
is needed to determine their precise role. 

Recently, researchers have begun to ma- 
nipulate these navigational neurons. A team 
earlier this year altered the positive and 
negative associations that mice had formed 
with specific locations, by triggering hip- 
pocampal place cells with lasers while si- 
multaneously stimulating other brain cells. 
And although grid and place cells remain 
a focus of fundamental neuroscience re- 
search, there are hints of clinical relevance: 
The hippocampus and entorhinal cortex 
are among the first brain regions dam- 
aged in neurodegenerative diseases such as 
Alzheimer’s. There may yet be a place for 
place and grid cells in medicine. @ 
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Physicists 
change the 
light bulb 


Blue light-emitting diodes, 
critical to white LED lighting, 
win this year’s prize 


By Dennis Normile 


n a choice that surprised Nobel watch- 

ers, this year’s physics prize is going to 

three Japanese scientists not for a basic 

discovery but rather for an invention: 

the blue light-emitting diode (LED). 

The Nobel Committee recognized three 
researchers as contributing equally to the 
breakthrough: Isamu Akasaki of Meijo Uni- 
versity in Nagoya and Nagoya University; 
Hiroshi Amano of Nagoya University; and 
Shuji Nakamura, now of the University of 
California, Santa Barbara. 

LEDs appeared in commercial applica- 
tions in the 1960s. But until the early 1990s 
they only came in such colors as red and 
green. They were used as indicator lights 
in electronic devices and in electronic dis- 
plays and, later, in auto brake lights. But 
without a blue LED, there was no way to 
create the white light needed for general- 
purpose lighting. 

The challenge was in the materials. 
LEDs are semiconductor constructions 
that rely on an applied voltage to drive 
electrons and positive carriers called holes 
through different layers of a crystal sand- 
wich. When electrons and holes come to- 
gether in the so-called active layer of the 
sandwich, they give off photons—light. The 
wavelength of the light, and thus the color, 
depends on the properties of the crystal 
and embedded impurities, called dopants. 
For years, major corporations tried to find 
the right combination of semiconductor 
materials and dopants to produce blue 
light, but they failed. 

This trio of Japanese researchers began 
experimenting with gallium nitride. Theo- 
retically, gallium nitride had the right stuff 
to produce blue light, but it was notoriously 
finicky to work with. “People thought [a blue 
LED] wouldn’t be achieved during the 20th 
century,’ Akasaki said during a 7 October 
press conference in Nagoya. “Other research- 
ers gave up but I didn’t think of doing so—I 
was doing what I liked,” he said. 
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Akasaki and Amano, working together 
at Nagoya University, tried different ways 
of growing the semiconductor crystal and 
made the first breakthrough, coaxing faint 
blue light from a gallium nitride semi- 
conductor in 1986. While Akasaki and 
Amano continued improving their blue 
LED, Nakamura, who then had only a mas- 
ter’s degree and was working at Nichia 
Corp., a maker of phosphors located in a 
small town in rural Shikoku, pursued his 
own effort. He tried different ways of grow- 
ing the needed gallium nitride layers and 
in 1993 got a device emitting very bright, 
very blue light. 

Japanese politicians heaped praise 
on the trio on evening newscasts. But 
Nakamura may have mixed feelings. He had 
a falling out with Nichia and after a nasty 
legal spat won a share of the profits the 
company earned from his invention. He also 

decided to move to 
the United States after 
“for the invention of failing os find an ates 
efficient blue light- demic position in Ja- 
emitting diodes which pan. During a January 
has enabled bright 2005 press conference 
and energy-saving 
white light sources” after the settlement 
of his suit, Nakamura 


Isamu Akasaki blasted Japan’s courts, 


a eduemtionsl' een, 
cttmintimuum=nwmed.gs«- Od treatment of re- 
Shuji Nakamura searchers (Science, 


21 January 2005, p. 
337). “Basically, Japanese society doesn’t 
value the contributions of individuals,” he 
said. He is now an American citizen. 

The breakthroughs initiated a. still- 
ongoing revolution in lighting. LED light- 
ing is far more efficient than previous 
forms of lighting, which involve heating 
a filament or a gas and waste most of the 
input energy. “With 20% of the world’s 
electricity used for lighting, it’s been cal- 
culated that optimal use of LED lighting 
could reduce this to four per cent. Akasaki, 
Amano and Nakamura’s research has made 
this possible and this prize recognises this 
contribution,” said Frances Saunders, pres- 
ident of the U.K. Institute of Physics, in a 
statement. “This is physics research that is 
having a direct impact on the grandest of 
scales, helping protect our environment, 
as well as turning up in our everyday elec- 
tronic gadgets.” 

LEDs’ efficiency also means that they 
can be run on low-cost solar power and 
simple batteries, bringing light to the 
1.5 billion people who are not connected to 
energy grids. The usefulness of this inven- 
tion is something that would make Alfred 
Nobel “really happy about this prize,” said 
Per Delsing, chair of the Nobel Committee 
for Physics. @ 
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A call for NIH youth movement 


Wariness greets congressman's proposal to require agency 
to reduce average age at first grant 


By Jocelyn Kaiser 


epresentative Andy Harris (R-MD) 

spent 12 years as a_ physician- 

researcher at Johns Hopkins Univer- 

sity in Baltimore, Maryland, before 

venturing into politics. He likes to 

note that he is the only serving mem- 
ber of Congress who has been funded by the 
National Institutes of Health (NIH). And he 
believes that experience gives him practi- 
cal insight into the plight of 
young biomedical scientists, 
who now are often in their 
40s before they win their 
first NIH grant. 

Last week, Harris offered 
a radical solution to this 
graying of U.S. biomedical 
science: Congress should 
order NIH to reduce the 
average age at which new 
investigators receive their 
first grant by 4 years within 
a decade, he argued in an 
opinion piece in The New 
York Times. “I saw firsthand how the most 
innovative thinking frequently came from 
younger scientists,” he wrote, warning that 
current NIH practices are damping innova- 
tion. He has drafted a bill to turn his pre- 
scription into law. 

The idea is getting a wary reception from 
research advocates. “Mandating NIH to 
come up with a specific outcome is a danger- 
ous and risky position ... given the complex- 
ity of the situation,” says Howard Garrison, 
deputy executive director for policy for the 
Federation of American Societies for Experi- 
mental Biology in Bethesda, Maryland. 


Harris, 57, a conservative who represents 
a semirural district in Maryland, spent his 
early career as an obstetric anesthesiologist 
and division chief at Hopkins. Starting at 
age 30, he became a co-investigator on three 
successive NIH grants studying cerebral 
blood flow in the developing fetus. At the 
time, the age distribution of Harris’s peers 
who were principal investigators (PIs) win- 
ning their first grant clustered around the 
late 30s. But today, he notes, the median age 
at which a Ph.D. researcher 
receives his or her first NIH 
ROI, the agency’s bread-and- 
butter grant, has increased 
to 42, up from an average of 
36 in 1980. 

The biomedical com- 
munity has long lamented 
the rising age of first-time 
investigators, which many 
attribute to  ever-longer 
graduate studies and post- 
docs and a dearth of new 
faculty positions. In 2008, 
then-NIH Director Elias 
Zerhouni crafted a policy ensuring that 
“early stage investigators” (defined as those 
no more than 10 years out from finishing 
their Ph.D. or medical residency) have the 
same success rate as established investiga- 
tors submitting a new grant. Many NIH 
institutes achieve this by setting a more 
generous “payline” for proposals from new 
applicants. The policy helped stop but not 
reverse the rise in the average age for first 
ROl1s for Ph.D. researchers. 

Although NIH is aware of the problem, 
Harris says the agency “does not have a 
serious plan to fix it” Simply giving NIH 
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more money won’t help, he argues: The pro- 
portion of NIH grants going to young scien- 
tists dropped even during the 1999 to 2003 
doubling of the NIH budget and didn’t in- 
crease after NIH received a burst of funding 
from the 2009 stimulus spending. 

To devise a legislative solution, Harris 
says he spent a year and a half meeting with 
biomedical leaders, including regular inter- 
actions with NIH Director Francis Collins. 
The result: a draft bill (shared with Science) 
that says the NIH director “shall ensure” 
that the median age of investigators receiv- 
ing their first R grant (which includes RO1s 
and other research grants) falls to under 40 
by 2019; under 39 by 2022; and under 38 
by 2025. 

To prime the fountain of youth, Harris— 
who serves on the spending panel that over- 
sees NIH’s budget—wouldn’t divert money 
from existing grants. Instead, he would redi- 
rect a pool of about $700 million (in 2013)— 
known as the tap—that NIH hands over to 
its parent agency, the Department of Health 
and Human Services, for other activities. A 
separate draft bill would channel this fund- 
ing to the NIH director’s office, to be used 
for “emerging scientists’—defined as those 
who finished their training within the last 
15 years and are seeking their first or second 
research grant. Harris hopes the two bills 
will become part of legislation expected to 
emerge early next year from a bipartisan ef- 
fort in the U.S. House of Representatives— 
known as 21st Century Cures—to support 
NIH and speed drug development. 

NIH officials are hesitant. Sally Rockey, 
the agency’s deputy director for extramural 
research, says Harris’s mandate might not 
achieve much unless scientists’ training 
can be shortened so that more are ready 
to compete for NIH grants at a younger 
age. For now, there may be too few propos- 
als coming from scientists in their 30s to 
meet Harris’s targets without dramatically 
propping up their success rates, says Jer- 
emy Berg of the University of Pittsburgh 
in Pennsylvania, a former director of the 
National Institute of General Medical Sci- 
ences. “You really need to look at what’s 
driving the numbers and understand the 
whole system before doing things that 
might be harmful in the long run,” he says. 
Too much special treatment for young re- 
searchers could create problems down the 
road, worries Jessica Polka, a postdoctoral 
researcher at Harvard Medical School in 
Boston. “The glut of new [young] PIs would 
only further strain the funding system in 
the future,” she predicts. 

Harris stands by his plan. Researchers “at 
the age of peak innovation” deserve “a leg 
up,” he says. And “if they continue to have 
good ideas ... they will be able to compete.” & 
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Imagining Ebola’s next move 


As containment efforts fall short, scientists look beyond the 
models to envision how the epidemic might unfold 


By Kai Kupferschmidt 


hen a traveler from Liberia came 
down with Ebola in Dallas on 
24 September, it was a warning to 
the world: As the number of cases 
in West Africa keeps rising, so does 
the risk the disease will spread be- 
yond Guinea, Sierra Leone, and Liberia. The 
United States was the third country, after 
Nigeria and Senegal, to catch a spark from 
the growing conflagration; it was followed 
by Spain, which reported the first case of 
Ebola contracted outside of Africa on 6 Octo- 
ber. The patient, a nurse, had taken care of a 
priest who became infected in Sierra Leone. 

None of these cases has triggered a wide- 
spread outbreak, and most experts are con- 
fident that wealthy nations can contain 
introduced cases. “My first reaction was: 
Well, it had to be somewhere. Better Dal- 
las than Mumbai,” says Peter Sandman, an 
adviser on risk communication based in 
Brooklyn, New York, about the U.S. case. But 
developing countries may not be so lucky 
when Ebola arrives on their doorstep. That 
could result in entirely new chapters in the 
disease’s spread. 

On 3 October, the World Health Organi- 
zation (WHO) had reported 7470 cases and 
3431 deaths in the three affected countries. 
Those numbers, believed to be gross under- 
estimates, are rising exponentially, and mod- 
els show they could reach the hundreds of 
thousands in a matter of months. But mod- 
els can’t forecast unpredictable things like 
viral mutations, changes in human behavior, 
the impact of new vaccines and drugs, or 
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where and how the disease will next become 
entrenched. So researchers are looking be- 
yond the models, and at possible scenarios, 
to prepare for what might happen. Scientists 
are naturally loath to speculate, Sandman 
says, but “risk communication and crisis 
communication are all about what-ifs.” 

On the optimistic picture, an effective vac- 
cine could finally check the rise in cases— 
something classic control methods such as 
isolation and quarantine have failed to do. 
Without a vaccine, “I think the best we can 
hope for is that the spread slows down a lit- 
tle bit,” says Alessandro Vespignani, a physi- 
cist at Northeastern University in Boston 
who has modeled the spread of the Ebola vi- 
rus. “Increasing public health measures will 
have a huge impact, but I believe it has got- 
ten to the stage where we will need a vaccine 
as well to stop this outbreak,” says Jeremy 
Farrar, an epidemiologist who heads the 
Wellcome Trust in London. 

One candidate vaccine is already in phase 
I safety tests, and another will be soon; at 
a meeting at WHO on 29 and 30 Septem- 
ber, experts discussed how to speed vac- 
cine development and how to cope with the 
thorny ethical issues involved in testing a 
vaccine for efficacy in the affected countries 
(http://scim.ag/Ebolavac). But those tests 
are unlikely to start until January, and they 
may not yield results until April. 

In the meantime, some researchers fear 
the virus could mutate. In an op-ed piece 
in The New York Times on 11 September, 
Michael Osterholm, director of the Center 
for Infectious Disease Research and Policy 
at the University of Minnesota, Twin Cities, 
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argued that Ebola might change in such a 
way “that just breathing would put one at 
risk of contracting” it. He was widely criti- 
cized for fear mongering. “I do not know of 
a viral infection whose mode of transmission 
has changed in this way,’ Farrar says. WHO 
put out a statement on 6 October, calling the 
idea “speculation, unsubstantiated by any 
evidence.” Osterholm retorts that “it may be 
a very remote possibility, but we have to be 
prepared for even that.” 

What is more plausible, some research- 
ers say, is a change that makes the virus less 
deadly, but also harder to get rid of. The 
Ebola virus most likely lurks in bats and 
apes, occasionally spilling over into the hu- 
man population, probably when infected ani- 
mals are hunted and consumed. In the past, 
outbreaks tended to burn out in the face of 
aggressive containment efforts and Ebola’s 
sheer deadliness. In essence, human beings 
remain dead ends for the virus. That could 
change if it becomes less fatal. “There is an 
evolutionary advantage to reducing virulence 
and adapting to your host,” Farrar says. “This 
has happened with many other diseases.” 

If it happens with Ebola, the only way to 
get rid of it this time around could be a mas- 
sive vaccination effort similar to those used 
in the eradication campaigns against small- 
pox and polio. “We would be looking at vac- 
cinating hundreds of millions of people in 
Africa,’ Farrar says. 

Even if the virus does not change, the sheer 
size of the epidemic will lead to new chal- 
lenges. As the number of beds in treatment 
units falls short, more and more patients will 
be taken care of at home, where they pose 
a major risk to others. That could speed up 
Ebola’s spread and make it harder to chart 
its epidemiology. Home care kits, which in- 
clude basic protective equipment such as 
gloves and bleach, have never been widely 
used before to fight Ebola, but they could 
become important for controlling infection. 
They would need to be accompanied by an 
education campaign however, and nobody is 
sure how much protection they will offer. 

As the already crippled health care sys- 
tems in the affected countries buckle under 
the strain, people are also more likely to die 
in larger numbers of other diseases like ma- 
laria, or during childbirth. “We need to start 
looking beyond Ebola,” Farrar says. Food 
shortages may occur if harvests are missed 
or trade is paralyzed. “The whole region 
might become a failed state,” Osterholm says. 

Meanwhile, the risk of spread beyond 
the three countries is growing, says North- 
eastern’s Vespignani, who listed the coun- 
tries most at risk in a paper published in 
PLOS Currents: Outbreaks in September (see 
table). The three countries where the virus 
has since landed—Senegal, Nigeria, and the 
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United States—were in his top 16. His most 
recent calculations also put the chance of a 
case occurring in nearby Ghana by 24 Octo- 
ber at close to 50%, even with an anticipated 
80% decrease in travel. Mali and Ivory Coast 
are at high risk, too. If the virus gains a new 
foothold elsewhere, a huge effort would 
be needed to prevent a second firestorm, 
Osterholm says—even if that means diverting 
some resources from West Africa. 

Scientists are debating the use of travel 
bans, which many worried U.S. citizens have 
called for after the Dallas case. WHO and the 
Centers for Disease Control and Prevention 
have strongly advised against closing borders 
because it would make it difficult to bring 
people and materials into the affected coun- 
tries. Bans are also difficult to implement, 
Vespignani says, because many countries 
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would have to agree; otherwise Ebola car- 
riers could just fly to a country that doesn’t 
impose restrictions and move on from there. 
Those who manage to circumvent a ban 
might then be more likely to lie about their 
contact history if they became sick. In the 
end, Vespignani says, travel bans would prob- 
ably increase the risk for everyone. 

But Sandman says the idea shouldn’t be 
dismissed entirely. “It is quite reasonable for 
people to ask how best to reduce the number 
of sparks flying out of Africa and threatening 
to ignite elsewhere,” he says. The world may 
need to buy time to test vaccine candidates, 
so it should look for practical ways to reduce 
the number of travelers carrying Ebola to 
other places, Sandman says. “These are dis- 
cussions we need to have.” & 
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Congress, NSF 
spar on access 
to grant files 


Grantees wonder what 
House science panel will do 
with private award details 


By Jeffrey Mervis 


our times this past summer, in a spare 

room on the top floor of the National 

Science Foundation (NSF), two con- 

gressional staffers spent hours por- 

ing over confidential material relating 

to 20 research projects that NSF has 
funded over the past decade. The staffers 
work for the U.S. House of Representatives 
committee that oversees NSF. And their vis- 
its were an unprecedented—and some say 
bizarre—intrusion into the much admired 
process that NSF has used for more than 
60 years to award research grants. 

Unlike the experts who normally review 
proposals, the congressional staffers weren’t 
really there to judge their scientific mer- 
its. The Republican aide was looking for 
anything that Representative Lamar Smith 
(R-TX), his boss as chair of the House Com- 
mittee on Science, Space, and Technology, 
could use to demonstrate how the $7 billion 
research agency is wasting taxpayer dollars 
on frivolous or low-priority projects, particu- 
larly in the social sciences. The Democratic 
staff member wanted to make sure that her 
boss, Representative Eddie Bernice Johnson 
(D-TX), the panel’s senior Democrat, knew 
enough about each grant to rebut any criti- 
cism that Smith might levy. 

The peculiar exercise is part of a long- 
running and bitter battle pitting Smith and 
many of his panel’s Republican members 
against Johnson and the panel’s Democrats, 
NSF's leadership, and the academic research 
community. There’s no end in sight: The 
visits are expected to continue into the fall, 
because NSF has agreed to Smith’s request 
to turn over information on an additional 
27 awards. (A spreadsheet of the requested 
grants and more details are at http://scim.ag/ 
NSFegrants.) 

Indeed, the feud appears to be escalating. 
Last week, Johnson wrote to Smith accusing 
him “of go[ing] after specific peer-reviewed 
grants simply because the Chairman per- 
sonally does not believe them to be of high 
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value.” Smith, however, argues he is simply 
taking seriously Congress’s oversight respon- 
sibility. And he promises to stay the course: 
“Our efforts will continue until NSF agrees to 
only award grants that are in the national in- 
terest,’ he e-mailed Science after being asked 
to respond to Johnson’s letter. 

Over the past 18 months, Smith has repeat- 
edly ridiculed specific NSF awards, champi- 
oned legislation that would alter the agency’s 
peer-review system and slash funding for its 
social science programs, and berated NSF 
officials for providing what he considers to 
be inadequate explanations of their funding 
decisions. He’s also kept up a stream of cor- 
respondence with NSF about examining the 
awards in question, first with acting Director 
Cora Marrett and then with the new NSF Di- 
rector, France Cordova. 

Federal lawmakers have a long tradition of 
taking potshots at grants they don’t like, but 
Smith’s 7 April request for material on the 
20 grants was unprecedented, and it created 
a major dilemma for NSF. On the one hand, 
Cordova knows that Congress has the author- 
ity to demand the information. On the other 
hand, NSF has promised scientists 
that every aspect of the peer-review 
process will remain confidential. 

Smith wanted the material shipped 
to his offices on Capitol Hill. But 
Cordova made a counteroffer that the 
Texas legislator grudgingly accepted. 
First, the names of the outside re- 
viewers would be redacted. Second, 
the material would remain at NSF 
headquarters in Arlington, Virginia. 
Third, none of the information could 
be photocopied or otherwise repro- 
duced. Judy Gan, head of public and 
legislative affairs at NSF, says the ar- 
rangement “preserves the integrity of 
the merit review process.” 

Working under those conditions, 
committee staff spent 25 hours this 
summer at NSF headquarters. On 
11 September, Smith gave NSF a list 
of the 27 additional grants; NSF is 
still processing that request. The 
arrangement required NSF to print 
out more than 100 pages of confi- 
dential information on each award, 
including the initial application, 
reviewer comments, and correspon- 
dence between program officers and 
principal investigators. 

Before the committee staffers be- 
gan their visits, NSF officials sent 
letters explaining what was going on 
to the president of every university 
with a grant on Smith’s hit list. In 
many cases, NSF staffers had already 
sounded the alarm. 

Steven Folmar, 


a cultural an- 
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thropologist at Wake Forest University in 
Winston-Salem, North Carolina, found out 
from his program manager about the science 
committee’s pending review of his 2012 grant, 
titled “Oppression and Mental Health in Ne- 
pal.” Folmar, who has worked on and off in 
Nepal since 1979, says the country’s economic 
and cultural divisions are so striking that it’s 
an ideal place to measure the impact of dis- 
crimination on those in the lowest caste. 
Folmar’s first reaction after hearing that 
his 3-year, $160,000 award had been singled 
out was to hunker down and keep quiet. “I 
felt like somebody in a war movie, with bul- 
lets whizzing over my head.” But after further 
reflection, he decided to express his views. 
Information on how social inequality can 
cause depression and anxiety is useful to 
governments everywhere, he believes. The 
project was a bargain, he adds: Three se- 
nior researchers and their graduate students 
spent several months in the field “for about 
$50,000 a year. That’s pretty cheap science.” 
It’s hard to find a pattern among the 
$26 million in grants Smith has chosen to ex- 
amine. One of them goes back to 2005, and 


How a rider controls a bicycle is an old puzzle—and the subject of a 
disputed NSF grant. 
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13 have expired. The smallest is a $20,000 
grant for a doctoral dissertation by an an- 
thropology student working in Bolivia; the 
largest, for $5.65 million, aims to use in- 
novative education methods to educate 
Arctic communities about climate change 
and related issues. Nearly two-thirds were 
supported by NSF's social, behavioral, and 
economic sciences directorate, the program 
that has taken the brunt of Smith’s criticism. 
Slightly more than half of the grants involve 
work outside the United States. 

A committee representative declined to 
answer repeated queries about the crite- 
ria used to select the grants. In his written 
statement to Science, Smith said only that 
“there are many grants that no taxpayer 
would consider in the national interest, or 
worthy of how their hard-earned dollars 
should be spent. ... The public deserves 
an explanation for why the NSF has spent 
hundreds of thousands of dollars on musi- 
cals about climate change, bicycle designs, 
and a video game that allows users to relive 
prom night.” 

Mont Hubbard is the “bicycle designs” 
grantee on Smith’s intended list of 
shame. A professor emeritus of me- 
chanical engineering at the Univer- 
sity of California, Davis, Hubbard 
received $300,000 in 2009 to study 
the feedback system that allows hu- 
mans to control a moving vehicle, in 
this case a bicycle. And he thinks the 
work clearly meets Smith’s definition 
of research in the national interest. 
Substitute “pilot” for “rider” and “air- 
plane” for “bicycle,” he says, and it’s 
clear that helping humans do a better 
job of manipulating machines has the 
potential to greatly improve perfor- 
mance, reduce safety risks, and even 
defend the country. 

In a 27 August letter to Cordova, 
Smith declares that “the current re- 
view work is 5% complete, which 
implies that this oversight initiative 
will span at least 12 months.” He ac- 
cuses her of reneging on a promise 
to provide the committee with every- 
thing it requested. “To the contrary,” 
Cordova responded 2 weeks later, 
“NSF has provided the Committee 
full and complete access to our files 
for each of the grants of interest.” 

Given the strong rhetoric on both 
sides, it’s hard to see a quick ending 
to this confrontation. In the mean- 
time, scientists are bracing to find 
out what Smith plans to do with his 
trove of information from NSF’s con- 
fidential records. ™ 


With reporting by David Shultz. 
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Bark beetles have 
devastated western 
forests, but that 
may not mean more 
severe fires 


7" 


By Cally Carswell 


hen the evergreen trees 
turned red, it was hard not 
to worry. The die-offs started 
in Alaska about 20 years 
ago, and soon conifers were 
perishing en masse across 
western North America. Life 
drained from millions of hect- 
ares of forest so quickly it was 
as if they had been abruptly unplugged, like 
a Christmas tree before bedtime. 

The killers: tiny insects called bark beetles. 
Many people worried that the dead, dry trees 
would give birth to huge, damaging wildfires. 
To prevent infernos, some U.S. lawmakers 
pushed expensive, controversial policies to 
aggressively log beetle-damaged trees. “We 
are battling a huge insect epidemic that is 
destroying our forests” and creating “prime 
real estate for forest fires,’ warned then- 
Representative John Salazar, a Democrat 
from Colorado, on the floor of the U.S. House 
of Representatives in 2006. To some casual 
observers, the prediction seemed to come 
true as blazes such as the 2012 High Park 
Fire near Fort Collins, Colorado, set records 
for hectares burned and homes destroyed. 

But that fire, like others, burned green 
forest as well as beetle-killed trees. And 
now, a growing body of research—including 
a study published last week—is challenging 
the notion that beetle-killed forests are 
more vulnerable to severe fires than forests 
that have escaped infestation. The findings 
are highlighting the complex causes of 
western wildfires and raising new questions 
about policies that promote the removal of 
insect-damaged trees to reduce fire risks. 


5 j Contrary to popular belief, says forest 
eu ecologist Thomas Veblen of the University of 

b) Colorado (CU), Boulder, the science suggests 

that “healthy forests [can] include fire, and 


bark beetles, and lots of dead trees.” 


f THE RECENT BARK BEETLE OUTBREAKS 

‘ aren’t the first to grip North America. Some 
15 major species of these insects, about 

equal in size and appearance to a fleck of 


mouse poop, kill trees in western forests. 
The beetles, which are native, attack mostly 
weak, old trees, boring in and cutting off 
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the flow of nutrients. In the past, their popu- 
lations boomed periodically, overwhelming 
patches of even healthy forest. But the recent 
epidemics seem different, researchers say. 
Beetles have devastated stands of ancient 
whitebark pine, for instance, which was not 
a common past target. And although histori- 
cal data are scarce, the outbreaks appear to 
be unusually extensive and synchronized, 
with many species erupting simultaneously 
in all sorts of forests (see graphic, p. 156). 
The booms have been aided by warmer win- 
ters and summers, as well as tree-weakening 
drought, leading scientists to wonder if mas- 
sive attacks could become a new normal. 
“With climate change, we’re essentially see- 
ing bark beetle outbreaks on steroids,’ says 
Brian Harvey, a forest ecologist at the Uni- 
versity of Wisconsin (UW), Madison. 

Among the most visible victims 
have been towering, lanky lodgepole 
pines (Pinus contorta), a common 
tree that defines many Rocky 
Mountain landscapes. Hillsides of 
mature lodgepoles faded from green 
to red to gray in just 3 or 4 years— 
the telltale sign of death by beetle. As the 
mountains flushed red, fears mounted that 
they would soon erupt in flames. 

That perception is understandable, says 
ecologist Monica Turner of UW Madison. “It’s 
normal for most of us to think that the more 
dead wood we have, the worse fires will be,” 
she says. Campers, for instance, don’t fuel 
bonfires with green trees still supple with 
water and sap—they use dead, dry wood. 

Early qualitative studies did hypothesize 
that beetle-killed forests would ignite more 
easily and burn more fiercely. But as early as 
the 1990s, work led by Veblen suggested that 
a massive spruce beetle outbreak in Colorado 
in the 1940s hadn’t had a major influence on 
subsequent fire frequency, extent, or severity. 

Interest in better understanding the 
insect-fire connection grew, Turner says, as 
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the recent epidemics spread. One research 
target: lodgepole stands, where she and 
others began to tally up fuel characteristics 
and feed the data into fire behavior models. 
They hoped to learn whether beetle kill 
raises the risk of blazes developing into 
“ecologically severe” crown fires, which burn 
hotter and kill more trees than fires that 
crawl across the forest floor. 

In a provocative 2011 study that modeled 
fire potential in forests in the Greater 
Yellowstone ecosystem, Turner was part 
of a team that found that during the “gray 
stage,” when beetle-killed trees have lost 
their needles, the risk of crown fires actually 
decreases. That’s because the fine fuels that 
help fire spread through the canopy, such 
as twigs and needles, were scarce. More 


“We shouldn't let the bark beetles 
drive major management decisions.” 


Thomas Veblen, University of Colorado, Boulder 


surprisingly, their model suggested that 
even during the “red stage,’ when dead 
trees are clad in dry, easy-to-light needles, 
the risk of crown fires was no greater than 
in green forests. 

But models are imperfect, and some 
researchers cautioned against drawing 
sweeping conclusions from them. The 
models couldn’t accurately account for tree- 
to-tree differences in needle moisture and 
flammability in mixed stands of living and 
dead trees, for instance. Such complexity 
can influence important fire behaviors, such 
as how quickly it spreads, how frequently 
it “spots” (shooting embers that ignite new 
fires), and how difficult it is for firefighters to 
control, says Matt Jolly, a research ecologist 
with the U.S. Forest Service’s Missoula Fire 
Sciences Laboratory in Montana. After the 


Published by AAAS 


Bark beetles, including mountain pine beetles (above, 
left), have damaged trees throughout the west 
(opposite page), but their role in intensifying fires has 
been hard to pin down. 


fact, fires in beetle-killed and unaffected 
forests may look the same, he says, “but 
the actual fire behavior could have been 
vastly different.” Such details are important 
to officials who must decide how to spend 
hundreds of millions of dollars on fighting 
wildfires every year, and whether to risk 
lives to stop a blaze or let it burn. 


NAILING DOWN SUCH NUANCES was 
difficult until recently, Turner says, because 
few researchers “had real fires to work in.” 
But six fires in 2011, including the Salt and 
Saddle Complex fires in Idaho and 
Montana, respectively, offered Harvey, 
one of Turner’s doctoral students, an 
ideal chance to study how mountain 
pine beetles influenced the ecologi- 
cal impact of fire. In the sweltering 
summer of 2012, he led field teams 
into the charred remains of lodge- 
pole stands relatively untouched by beetles 
and those where the insects had killed up 
to 84% of the trees. Drenched in sweat and 
smudged with soot, they counted dead trees 
in dozens of plots, determining whether they 
had been killed by fire or beetles before the 
fire by looking under bark for the tunnels the 
bugs dig. The researchers also determined 
fire severity by measuring the depth of char 
on tree trunks, how many needles and small 
branches were consumed, and how much 
duff and topsoil had burned off the forest 
floor. And they evaluated recovery, counting 
each green seedling popping from the black- 
ened soil in plots where most or all trees 
were dead. 

Harvey’s results, published online on 
29 September in the Proceedings of the 
National Academy of Sciences, highlight 
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the sometimes counterintuitive dynamics 
between beetles and fire. In general, his 
group found that the insect-killed forests 
weren’t more severely burned than greener 
stands. Other factors, including topography, 
wind, humidity, and air temperature, turned 
out to be more important in determining a 
fire’s ecological severity. 

That conclusion, based on real-world 
data and not models, is “a very important 
finding,” says CU Boulder’s Veblen, who was 
not involved in the study. It demonstrates 
that beetles didn’t fundamentally change the 
impact that fire had on lodgepole forests: 
“They burn naturally at high 
severity, with or without beetles.” 

Harvey also saw _ hopeful 
signs of life, concluding that 
the prefire severity of a beetle 
outbreak didn’t necessarily 
compromise the forests’ capac- 
ity to regenerate. One key is a 
lodgepole adaptation called 
serotiny, in which resin seals 
and protects seeds within pine- 
cones until wildfire melts the 
resin and releases the seeds. 
Beetle-killed trees can hold 
on to viable serotinous cones. 
“They’ve still got seeds locked 
up in the canopy,’ Harvey says. 

Extreme fires can destroy the 
seeds, which are particularly 
vulnerable in red stage trees, 
where dead needles and branches 
make it more likely that whole 
treetops—cones, seeds, and all— 
will burn. But Harvey found that 
enough seeds survived in beetle- 
killed forests after severe fires 
to spur regrowth. Beetles didn’t 
kill every tree, and “sometimes 
all you need are a few trees 
to get really high postfire 
seedling densities.” 

The recovery findings come 
with caveats, Harvey notes. 
They apply to just one forest 
type, lodgepole pine; in another 


Percent of treed area 
with damage 


due to the severity of the beetle kill or the 
time between the tree deaths and the fire. 
Harveys study also suggests beetle 
damage can influence fire behavior—lending 
credence to what firefighters in the United 
States and Canada have reported. On hot, 
dry, and windy days, for instance, he found 
that crown fires were more likely to burn 
dead trees down to pencil-like sticks. (In 
contrast, crown fires in green lodgepoles 
often consume only needles and twigs.) 
That behavior may have minimal ecological 
impact, but Jolly of the Missoula Fire Sciences 
Laboratory notes it can pose serious threats 


The beetles that won the west 


Bark beetles have attacked some 17 million hectares of U.S. forest 
since 1996 and killed at least 5.2 million hectares of trees. The 
mountain pine beetle (Dendroctonus ponderosae), which often attacks 
lodgepole pines, is responsible for more than half of the damage. 


and challenges to firefighters. Abundant 
dead wood also lends wildfires extra energy 
to create powerful and potentially dangerous 
air currents. One fire Harvey studied in a 
beetle-killed forest sucked in air with so much 
force that it toppled ponderosa pines more 
than 3 kilometers away, Jolly recalls. “We saw 
thousands of trees literally flattened” 


FOREST ECOLOGISTS SAY there is still 
plenty to learn about fire-insect interactions, 
but the new findings strengthen the idea that 
beetles may receive too much blame for fire 
risks. The bigger challenge for forests, many 
researchers say, is the chang- 
ing global climate and the ways 
in which it is simultaneously 
altering numerous ecological 
processes. A hotter climate is ex- 
pected to increase drought and 
fire frequency, for instance, both 
of which could make it harder 


for seedlings to gain a foothold. 
“Really droughty conditions di- 
rectly after [a fire] are probably 
going to be the most significant 
challenge for these forests,” 
predicts fire ecologist Tania 
Schoennagel of CU Boulder. 
And with heat and drought 
eclipsing beetles as major factors 
in fire and forest resilience, some 
researchers question periodic 
proposals to remove beetle-killed 
trees from significant swaths 
of forest. Earlier this year, for 
instance, U.S. officials cited 
improving forest health and 
reducing fire risks as their goals 
in designating 18 million hectares 
as priority areas for “treatment,” 
which can include removing 
dead or threatened trees. (So 
far, however, specific plans 
aren’t set.) Thinning can reduce 
fire risks around communities, 
roads, and in recreation areas by 
reducing available fuel, whether 
or not beetles have killed trees. 
But many fire ecologists argue 
that aggressively thinning 
dead wood in forests far from 


human use and _ infrastructure 
is unnecessary and _ unlikely 
to “improve” forest health or 
prevent climate-driven fires. The 
research, Veblen says, suggests 
“we shouldn't let the bark 
beetles drive major management 
decisions” throughout forests. ™ 


Cally Carswell is a freelance 
science and environment writer 
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This Bronze Age 
leather shoe, found by 
a hiker in 2006, was 
perfectly preserved in 
Norway’s alpine ice for 
thousands of years. 


Racing the thaw 


Archaeologists scramble to recover artifacts emerging from alpine ice 


or Norway’s ice, the trouble began 
with a warm, dry winter. Then 
summer started early. By July, tem- 
peratures had crested 17°C atop 
the 2000-meter-high Jotunheimen 
mountains, part of the great range 
that runs like a spine down the 
middle of the country. By August, 
roaring meltwater streams and blue 
ice on the mountainsides signaled that the 
glaciers and ice patches that crown central 
Norway’s highest peaks were in full retreat, 
exposing ice and rock not seen in up to 
6000 years. 

But what was bad for the ice has spurred a 
miniboom in archaeology. The ice patches— 
up to 30 meters thick and 50 hectares in 
size—formed when layers of snow compacted 
into ice over thousands of winters. The layer 
cake of ice trapped and preserved everything 
ancient people dropped into the snow, from 
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By Andrew Curry 


reindeer and horse dung to leather, wood, 
and metal artifacts. As the ice melts, a trove 
of exquisitely preserved artifacts is suddenly 
released. Cloth and leather are intact and 
supple after millennia; Stone Age arrow- 
heads still bear the resin used to haft them. 
Across Norway, this summer was a 
“hectic season,” says archaeologist Martin 
Callanan of the Norwegian University of 
Science and Technology (NTNU) in Trond- 
heim. The large Juvfonne ice patch receded 
30 meters this year—as much as it had in 
the previous 5 years—revealing arrows and 
other ancient artifacts. In Oppland county 
in southern Norway, Lars Pilg, an archae- 
ologist with the county preservation office, 
and a team of archaeologists and glaci- 
ologists scoured the edges of other melting 
patches, using a helicopter to reach remote 
mountainous sites. In less than a month, 
they found nearly 400 objects, ranging from 
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a complete horse skull to what might be a 
Viking walking stick and Stone Age arrows. 

That haul makes Norway ground zero for 
ice melt archaeology today, but in the past 
20 years rising temperatures have exposed 
frozen artifacts worldwide (Science, 19 April 
2002, p. 454). Otzi, the Stone Age mummy 
discovered in the Alps in 1991, may be the 
best-known ice patch find. Today, archae- 
ologists hover over the Yukon in helicopters, 
identifying shrinking ice patches by the 
scent and sight of acres of ancient caribou 
dung. In the peaks of the Andes, mountain- 
top mummies frozen since the days of the 
Inca are now at risk. 

Archaeologists are working to build a spe- 
cialty from these frozen finds, with papers, 
conferences, and a new journal that debuts 
in November. The discoveries encompass a 
wide swath of Europe’s history, from the time 
of hunter-gatherers to that of medieval trav- 
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elers on skis. In the short term, the priority 
is to rescue fragile artifacts quickly. But al- 
ready researchers are beginning to use them 
to refine climate records and to understand 
how people in the icy parts of the globe used 
the landscape and dealt with past climate 
change since a global warm spell some 7000 
years ago. “This whole thing has grown,” 
Callanan says. “Now it’s not just about the 
artifacts themselves, it’s about how people 
have used and moved in the frozen portion 
of the planet.” 


NORWAY’S ICE PATCHES are a product of 
climate cooling that began about 7000 years 
ago. Unlike glaciers, which move and flow 


fee 


fied an ice patch called Lendbreen, on the 
north side of a jagged ridge, as one likely 
to produce artifacts, in part because in the 
1970s it produced a complete Viking spear. 
To find more artifacts, they hike up to the 
base of the 400,000-square-meter patch and 
camp, sometimes for weeks at a time. Each 
day they scour the area between the lichen 
and the ice, making their way slowly across 
the exposed stone. Anything that’s not stone, 
ice, lichen, or reindeer antler is by definition 
an artifact, brought there by human activity. 
When they find one, they log its location with 
a GPS device and photograph it, then collect 
it to carry back down the valley. 

Once they thaw, millennia-old organic ar- 


Treasures from the ice. A horse skull from a small Viking breed shows how people once crossed a treacherous mountain pass; archaeologists retrieved a pocketknife dropped by 


an ancient traveler, and an iron arrowhead from the Viking Age, lost perhaps 1000 years ago, emerged from an icy pool. 


like rivers in slow motion, crunching boul- 
ders and artifacts as they go, ice patches 
form stable layers, like the silt at the bot- 
tom of a still lake. So although objects recov- 
ered from glaciers are a few centuries old at 
most, those in ice patches may go back to 
the time of the oldest ice. “If the artifacts 
had been under a glacier, they would have 
been destroyed,” says Atle Nesje, a glaciolo- 
gist at the University of Bergen in Norway. 

At 1900 meters, the Oppland ice patches 
are high above the region’s tree line, typi- 
cally perched atop a layer of permafrost and 
jagged glacial scree. But they leave a clear 
mark of their retreat. A stable ice patch is 
edged with lichen, which takes centuries to 
establish, but retreating ice leaves a zone 
of bare, lichen-free rock, marking terrain 
revealed anytime from last week to 3 cen- 
turies ago. 

In 2006, Pilo and his colleagues identi- 
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tifacts must be recovered quickly or they will 
decompose, dry out, and blow away. Leather 
and fabric are particularly fragile. Some ar- 
tifacts are one-of-a-kind: In the warm sum- 
mer of 2006, a sharp-eyed hiker brought a 
Bronze Age leather shoe to a local museum, 
sending archaeologists scrambling into the 
mountains. “The ice was bleeding artifacts 
everywhere,” Pilo says of that summer. “We 
were just trying to extinguish fires.” 

In 2011, an intact woolen tunic, expertly 
patched and last worn 1700 years ago by a 
slender man about 170 centimeters tall, was 
found in a sodden heap in ice water at Lend- 
breen’s upper edge. One of just a handful of 
European garments that old, the tunic’s ex- 
cellent preservation allowed curators to fig- 
ure out the weave and the type of wool used 
to produce it, which came from an ancient 
sheep breed. Fragments of fabric woven in 
the same diamond twill pattern have been 
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found in northern European bogs and at Ro- 
man forts, suggesting that the hunters here 
were in contact with the Roman world—or 
at least shared their fashion sense. “It was 
patched several times, and used for a long 
time,” says Marianne Vedeler, a curator at the 
Museum of Cultural History at the University 
of Oslo and co-author on a 2013 paper in An- 
tiquity on the tunic. “But why did [he] leave 
the tunic at 1900 meters?” 


AS AUGUST DREW TO A CLOSE, searches 
near Lendbreen yielded several long, smooth 
sticks whose purpose is unknown. Packing 
a stick carefully in paper on the expedi- 
tion’s last day, archaeologist Elling Utvik 
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Wammer furrowed his brow as he passed 
the artifact to Pilo. “Well, it’s a goddamned 
runic inscription,’ Pilo said, peering at 
scratched letters running lengthwise along 
the stick. Such inscriptions often indicate 
ownership, though the researchers haven’t 
yet deciphered the runes. Radiocarbon dat- 
ing confirms that they were carved around 
1000 C.E., during the Viking Age. 

Other finds this summer show that peo- 
ple traversed these mountains on horse- 
back. At Lendbreen, cairns of piled stone 
mark a mountain pass; the ankle-breaking 
scree along the route would have been pass- 
able only when covered by snow. Now clear 
of snow and ice, the path is littered with 
artifacts, from scraps of discarded leather 
moccasins to horseshoes and nails. Ice- 
landic zooarchaeologist Ranar Leifsson of 
the Cultural Heritage Agency of Iceland in 
Reykjavik found a complete horse skull that 
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resembles modern Icelandic horses—small, 
tough descendants of imported Viking 
steeds—rather than larger modern Euro- 
pean breeds. “The organic remains are so 
well preserved, it’s unbelievable they're as 
old as they are,” he says. 

The evidence of horses was so thick on the 
ground that the team named one spot Dung 
Island. “We have thousands of kilos of horse 
shit. A lot of it could have been deposited last 
week,” says James Barrett, an archaeologist 
at the University of Cambridge in the United 
Kingdom. “It doesn’t sound all that excit- 
ing, but it opens up all kinds of avenues of 
analysis,” including DNA investigations into 
ancient horse breeding. 

But reindeer, not horses, are at the center 
of most Norwegian finds. In the Scandina- 
vian summers, reindeer seek shelter on ice 
patches and glaciers to avoid biting flies. 
In the past, hunters followed. More than 
half of the objects discovered in Oppland 
so far are “scare sticks,’ wooden rods with 
a thin, square flag of wood attached to one 
end with a string. A historical account from 
18th century Greenland illustrates similarly 
constructed sticks and explains that ancient 
hunters used lines of scare sticks fluttering in 
the breeze to guide skittish reindeer across 
the ice toward hunting blinds, Pilg says. 

The sticks were used intensively from 
about 300 C.E. to 1000 C.E., according to 
Pilg, but the oldest go back to before the 
ice reached its full extent. Some scare sticks 
are found jammed upright between rocks or 
in hunting blinds, just as ancient hunters 
placed them, indicating that the area was ice- 
free then. Carbon dates for these sticks put 
that time at more than 1500 years ago. Con- 
versely, “if they are lying flat on the ice, you 
know the hunters put them in the snow,’ un- 
til they melted out and toppled in the mod- 
ern heat, Nesje says. 

Scare stick numbers seem to peak at peri- 
ods when trade was liveliest in Europe, for 
example during the Viking Age, when the 
Norse traveled from Scandinavia to as far 
as Turkey, England, and France. That sug- 
gests that reindeer hides and antler from the 
highlands were important trade goods tying 
the region to the rest of Europe. More scare 
sticks could mean more reindeer hunting to 
satisfy rising demand. “Activity in the high 
mountains was connected to long-distance 
demand,’ Barrett says. “They are not isolated, 
marginal phenomena—theyre happening 
because of drivers from elsewhere.” 


SIGNS OF THIS DISTINCTIVE hunting 
method were scarce this summer, perhaps a 
sign that an era has melted away: “That ice 
is now gone, and the sticks have all melted 
out,’ Pilg says. “Now we're finding other types 
of older artifacts.” In August, not far from 
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Going, going ... 


Norway's Juvfonne ice patch is shrinking fast, rapidly releasing hundreds of artifacts. 
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Langfonne ice patch, the team found 23 ar- 
rows, one with a stone tip and another tipped 
with shell. In mid-September, Pilo got the 
first radiocarbon dates back: One arrow 
was lost by a hunter 5900 years ago in the 
early Neolithic, 6 centuries before Otzi; it is 
the oldest arrow yet dated in Norway and 
only a few centuries younger than the ice 
patches themselves. 

Further north, too, “were now at the re- 
ally old layers,’ Callanan says. Equally old ar- 
rows and part of a bow emerged from the ice 
at a site called Storbreen in central Norway, 
studied by the Snow Patch Archaeology Re- 
search Cooperation project, based at NTNU. 
The well-preserved arrows—some with sinew 
threads still clinging to their heads—are help- 
ing Callanan study how hunting technology 
changed over the course of the Stone Age. 

Despite the overall warming trend, the ice 
is fickle. In Switzerland, the Schnidejoch gla- 
cier melted dramatically between 2003 and 
2008, yielding hundreds of artifacts ranging 
from a Roman brooch to a bow that could 
have been carried by an Otzi contemporary. 
The finds showed how people traveled across 
the Alpine pass for millennia. Then in 2010, 
just as researchers thought the patch would 
melt completely, a wet, cold winter covered 
it with new snow. Since then, Swiss ice finds 
have slowed to a trickle, says archaeologist 
Leandra Naef of the University of Zurich in 
Switzerland. After 2 weeks of rain and snow 
in August, she had to call off her planned 
ice patch search. “It was the worst summer 
ever,’ she said. 

In the Andes, a handful of exquisitely 
preserved Incan mummies, likely hu- 
man sacrifices, have been discovered half- 
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thawed at high altitudes since 1985 (Science, 
18 May 2012, p. 834). Any mummies still un- 
discovered are now at risk, says archaeologist 
Constanza Ceruti of the Catholic University 
of Salta in Argentina. “Mummies that stay 
on the mountainsides will definitely be af- 
fected,” she says. Melting ice and permafrost 
also threaten frozen sites in Siberia and in 
the Altai Mountains on the border between 
Russia and Mongolia. 

In Canada’s far north, years of melting 
in the 1990s yielded a partially preserved 
human body from just before Europeans 
reached this part of North America, as well 
as hundreds of throwing darts and arrows 
that document 9000 years of caribou hunt- 
ing. DNA from the body, dubbed “long-ago 
person found” in the local language, was 
matched to 17 people still living nearby. But 
the avalanche of finds has slowed, says Greg 
Hare, an archaeologist with the Government 
of Yukon in Whitehorse, Canada. “We're not 
experiencing the dramatic melting we were 
seeing 10 or 12 years ago,’ he says. Global 
warming may be pushing more moisture 
into the air in the Yukon, meaning snowier 
winters and less melting. 

As climate warming continues, archae- 
ologists must move swiftly when a warm 
summer strikes. As the first snow fell on 
the Norwegian highlands in late September, 
Pilo contemplated summers to come. “The 
ice is going, so we need to continue this 
work until the oldest ice is melted,” he says. 
“Tt’s like a story where you know the ending 
but not the plot. Is it going to go quickly, or 
is it going to take its time?” & 


Andrew Curry is a freelancer in Berlin. 
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Of snakes and robots 


How can snakes and robots move up sandy slopes? 


By John J. Socha 


s anyone who has run up a sand dune 

can attest from burning calves, climb- 

ing a sandy slope is demanding. The 

root of the struggle—in animal and ve- 

hicle alike—comes from the behavior 

of the sand, a granular medium that 

can slip, slide, and flow like a fluid. Yet, des- 

ert-dwelling snakes can ascend sandy slopes 

with grace and energetic ease (J) through a 

process called sidewinding. Having no limbs 

to push off should make the matter worse, 

yet the snakes make it look simple. How do 

they do it? On page 224 of this issue, Marvi 

et al. (2) explore the physics of sidewinding 

in animal and robot, revealing how limbless 
locomotors can move up sandy slopes. 

Among animals, only snakes sidewind, a 

behavior found mostly in vipers and a few 

other snake species that live in desert or 
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muddy environments (3). Sidewinding gets 
its name from the orientation of the snake 
while slithering, appearing to move to the 
side rather than toward the head (see the fig- 
ure) (4). As with most other forms of serpen- 
tine movement, the snake produces force by 
curving its body, but in sidewinding the body 
does not slide. Instead, it rolls and peels like 
a wheel (4, 5), maintaining static rolling con- 
tact along a few points while the rest of the 
body is lifted in the air (6). Marvi et al. show 
that this contact and lifting are key to suc- 
cessful sand slope climbing in the sidewinder 
rattlesnake Crotalus cerastes (see the first 
photo) and in a snakelike robot composed of 
17 modular segments (see the second photo). 

Studying the snake and robot together 
was a reciprocally illuminating process: 
The robot was used as a model to probe the 
snake, and the snake was used to understand 
and improve the robot. Part of the motiva- 
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Survival skill. Sidewinder rattlesnakes are one of a i 
few snake species that can move sideways up sandy 
slopes, helping them to survive in-deserts. 


tion for working with this particular robot 
(dubbed “Elizabeth”) arose from a real-world 
experience. On an archaeological mission 
in Egypt, Elizabeth was tasked to explore a 
sandy room with a slope, but failed miser- 
ably in its attempt to move forward, slipping 
and pitching over. Coauthor Choset had de- 
veloped a long line of snakelike robots over 
the course of two decades, achieving various 
locomotor styles including sidewinding (7) 
and pole climbing (8), but sand climbing 
had remained elusive. 

To determine patterns of movement in 
a controlled environment, the team inves- 
tigated the robot and snakes on a custom- 
made, tiltable bed of sand. Built in the Zoo 
Atlanta for easy access to a broad range of 
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Sidewinding explained. Rather than moving in the direction of the head as do other snakes (A), sidewinding snakes move sideways both on level ground (B) and up slopes (C). 
Marvi et a/. show that when snakes sidewind up a slope, they increase the body length that is in contact with the ground, thereby reducing slip. 


snake species for comparison, the bed was 
tilted from level to 20°, just below the criti- 
cal incline where the sand will flow with any 
perturbation. The sand was air-fluidized, 
producing a repeatably uniform volume 
and flat surface before each trial and thus 
enabling precise measurement of intrusion 
depth, contact length, and body lifting by the 
sidewinding locomotors. 

The properties of granular media vary with 
features like particle size and shape, friction, 
and compaction (9). Mindful of this depend 
ence, Marvi et al. went the extra mile to pro- 
vide the snakes with a realistic substrate. In 


Sidewinding robot. By studying snakes and robots, Marvi et al. were 
able to elucidate how snakes sidewind and to modify a robot so that 


it could also achieve this feat. 


an unprecedented feat of experimental rigor 
and determination, they trucked hundreds of 
pounds of sand in from the Yuma Desert of 
Arizona to ensure that the experimental con- 
ditions matched those of the native environ- 
ment of the sidewinder rattlesnake. 

The authors discovered that the side- 
winding snakes create two waves of bend- 
ing, one horizontal and one vertical, which 
move simultaneously from head to tail with 
an offset of a quarter period. Elizabeth also 
used two orthogonal waves to sidewind on 
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level ground (7), but could not sidewind up a 
slope. What was the missing ingredient? 

Marvi et al. found that the snakes dealt 
with the challenge of increasing slope not 
by digging in deeper, but by increasing the 
length of body contact with the sand, corre- 
spondingly decreasing the amount of body 
lifted in the air (see the figure). Effectively, 
as the slope became steeper, the snake laid 
down more body, increasing its purchase 
on the sand until nearly half the body was 
in contact. By modifying the robot, the au- 
thors found a range of contact lengths that 
produced sidewinding up the slope, but as 
the slope became steeper, fewer 
options resulted in effective climb- 
ing. This suggests that the snakes 
are physically constrained to cer- 
tain movement patterns to move 
up a slope. 

Why do the snakes not dig in 
deeper? It is energetically costly 
to displace level sand (70), but the 
important question is how yield 
force changes with increasing 
slope. (Yield occurs when the de- 
formed sand cannot return to its 
original state when the force is re- 
moved.) In follow-up experiments, 
the authors dragged a flat plate 
through sand and showed that 
yield occurred with smaller forces 
at greater inclines. This means that 
the maximum force that the snake 
can generate without slipping becomes 
smaller with greater slope. The snake has 
to do something to compensate, and what it 
does is increase its contact length. This led 
to a new model of sidewinding locomotion: 
the snake produces two offset waves of bend- 
ing—a neuromechanical “template” (J1)— 
and varies contact length to prevent slip. 

The team also tested 13 other closely re- 
lated species of pit vipers. Although only 
some specialized snake species excel at side- 
winding, many others were thought able to 
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adopt this mode given the right conditions 
(3, 6, 12, 13). Yet, none of the other snake 
species switched to sidewinding when pre- 
sented with the sandy substrate. Some could 
move forward haltingly using other means 
of locomotion, but when the bed was tilted 
at a small angle, all but one were stopped 
in their tracks, with some flailing helplessly. 
This suggests that the evolution of sidewind- 
ing may have required a change in neuromo- 
tor control (74), shifting the timing of muscle 
activation to match the required template 
for sidewinding. 

The work of Marvi et al. demonstrates the 
strength of integrating biology, engineering, 
and physics, providing the finest example 
to date of the reciprocal use of animals and 
robots for mutual illumination. The drive to 
understand the mechanics of sidewinding 
has brought us one step closer to achieving 
lifelike locomotion in robots. The upshot 
seems to be that going up slippery slopes 
with no legs simply requires a double wave 
to target the right pattern of contact. & 
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Plant synthetic biology takes root 


Applying the basic principles of synthetic biology to plants shows progress 


By June I. Medford! and Ashok Prasad? 


he evolution of computers and elec- 
tronics from bulky room-size devices 
to the sleek devices of today has relied 
on a well-honed strategy: Use parts 
whose behaviors are quantitatively 
defined and assemble complex sys- 
tems from simpler modules. Synthetic bi- 
ology aims to bring this approach to living 
organisms (J, 2), and it is already starting 
to happen in plants. A sensor and response 
system can be designed, sensor proteins 
programmed in a computer, encoded in a 
plant, and empowered with such proper- 
ties as memory and amplification (3). Us- 
ing genetic information and mathematical 
analysis allows one to design predictable 
and quantitative functions in plants, com- 
parable to those of integrated electronic 
circuits. Just as integrated circuits can be 
reused in diverse electronic devices, from 
cell phones to aircraft, synthetic biology 
components should function predictably in 
different synthetic circuits and plants. 

What sets synthetic biology apart from 
“engineering” plants through transgenic 
technology is that the former aims for 
predictable biological functions through 
the use of mathematical analyses, model- 
ing, and orthogonal parts. It therefore re- 
lies on quantitatively characterized gene 
components such as transcriptional pro- 
moters, terminators, and proteins (e.g., 
translational modifiers). Like electronics, 
synthetic biology assembles quantitatively 
defined parts in particular ways (with stan- 
dard rules for their connections) to produce 
biological functions such as memory, am- 
plification, and precise switches. 

Synthetic gene circuits are designed to 
act independently of the organism’s natural 
systems. They can be designed in silico and 
then assembled to yield the correct behav- 
ior (4). For example, gene circuits that use 
Boolean logic (values are reduced to “true” 
or “false”) have been produced in bacteria 
by modeling behavior in silico and produc- 
ing simple logic gate functions to control 
biological signals and responses. Thus, in 
Escherichia coli, many synthetic circuits 
starting from a genetic toggle switch (5) to 
genetic programs using layered logic gates 
(6) have been engineered by this procedure. 
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If genetic toggle switches and genetic logic 
gates could be produced in plants, precise 
control of plant traits would be feasible. A 
bioenergy crop such as sorghum could de- 
vote its resources to biomass production 
prior to activating a synthetic toggle switch 
that diverts the plant’s resources to oil ac- 
cumulation. Basic plant studies also could 
benefit from a synthetic toggle switch to 
help elucidate complex gene functions. 
Such logic circuits in plants have not yet 
been achieved. 


tions or “landing pads” to use when quan- 
titatively characterizing plant components. 
Multiple technologies for targeted chro- 
mosomal integrations such as zinc fingers, 
TALENS, and CRISPRs exist for this type of 
approach in plants (8, 9). 

A further challenge in addressing the 
context-dependent behavior of synthetic 
circuits in plants is the unavoidable inter- 
action of synthetic proteins and genes with 
the host system. For example, host DNA 
can act as a load on a synthetic gene cir- 


Sentinel plant. A sensor protein was computationally designed and linked to downstream gene components to 
enable a plant (Nicotiana tabacum shown) to detect an external ligand (100 nM TNT) and respond with a visual display 
(such as loss of chlorophyll) (3). 


The vast majority of synthetic genetic cir- 
cuits have been produced in bacteria, and 
designing similar circuits for plant plat- 
forms faces the greater complexity of plant 
genomes and protein networks. Moreover, 
there are currently only a handful of quan- 
titatively characterized plant components 
with different rules for assembling them 
into functional expression units in mono- 
cots and dicots. In addition, unlike bacte- 
rial plasmids, plant components may be 
affected by the contextual information pro- 
vided by the chromosome position. 

Plant biologists have long understood po- 
sitional effects from variable transfer DNA 
(T-DNA) insertion in the chromatin. The 
tumor-inducing plasmid of bacteria such 
as Agrobacterium tumefaciens has been 
used in plant genetic engineering in which 
tumor-promoting genes are removed and a 
gene of interest inserted for stable integra- 
tion into plants (7). Less well appreciated is 
the need for chromatin insulators within a 
synthetic gene circuit to rigorously isolate 
one gene-encoded function from another. 
These positional effects are just beginning 
to be understood through approaches such 
as the use of unique chromosomal posi- 
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cuit and show altered behavior (e.g., slower 
switching in a toggle switch) (10). Simi- 
larly, orthogonal synthetic circuits may be 
coupled to the host system through their 
dependence on the host system for synthe- 
sis and degradation. Hence, if a synthetic 
circuit functions correctly in a model plant 
like Arabidopsis thaliana, the effects of the 
context should be considered when trans- 
ferring that circuit to a species such as soy- 
bean or corn. 

One approach to manage the challenges 
of using plants as a synthetic biology plat- 
form is to refactor the genetic process of 
interest, that is, to simplify design param- 
eters and remove inefficiencies while still 
accomplishing the desired function. For 
example, the nitrogen fixation pathway 
from Klebsiella oxytoca was refactored 
by removing noncoding DNA and nones- 
sential genes, connecting the remaining 
genes to orthogonal promoters, and alter- 
ing the DNA sequences to be as different 
from the original as possible while still 
coding for the same proteins (71). The syn- 
thetic nitrogen fixation cluster could then 
be introduced into a plant’s chloroplast or 
mitochondria. 
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Whereas electrical circuits are physically 
connected with wires, gene functions often 
require diffusible factors (e.g., proteins). 
Hence, producing a predictable function is 
more challenging in biological systems and 
subcellular compartmentalization must also 
be considered. Simplifying complex signal- 
ing systems in plants allowed the produc- 
tion of the first synthetic signal transduction 
system (72), linking the presence of external 
substances [such as trinitrotoluene (TNT)] 
to internal responses with only two or three 
genes; when coupled with computational 
protein redesign, the result was “computer- 
ized” detection technology in plants, which 
may have applications as environmental 
sensors (3, 73) (see the figure). 

Another major challenge is that quanti- 
tative characterization of genetic compo- 
nents for a multicellular plant in isolated 
plant cells (such as mesophyll protoplasts) 
has limitations, particularly because cul- 
tured plant cells do not have the cell-cell 
interactions found in differentiated tissues. 
Nonetheless, progress has been made in 
transient expression methods that enable 
the efficient expression of multiple genes 
within the same plant cell over a time scale 
of days (14, 15). This has led to the produc- 
tion of macromolecular complexes, such as 
virus-like particles that have potential use 
in nanotechnology and as vaccines. How- 
ever, it is important that genetic controls be 
introduced into whole plants to assess their 
behaviors under “real life” conditions. 

By applying theory-driven engineering 
approaches developed for electronics to 
plant biology, we can not only uncover the 
natural genetic circuits behind complex 
gene regulations in plants, but we could 
also design traits that are new to evolution 
and beneficial to humanity. The future is 
looking green. 
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ECONOMICS 


Adjusting to the fertility bust 


What is the best response to declining populations? 


By Timothy M. Smeeding 


ertility in the United States is at an all- 

time low, having reached a rate of 1.86 

children per woman of child-bearing 

age in 2013 (1). Researchers warn of 

the worldwide “low-fertility trap” (2), 

and the population of Europe is pro- 
jected to decline in the next 25 years (3). 
Should we be worried? On page 229 of this 
issue, Lee et al. (4) argue that moderately 
low fertility and modest population decline 
favor a higher living standard. They are not 
alone in urging restraint to concerns about 
population aging (5) but have painstakingly 
assembled a new data set to make their 
point very clearly. Meanwhile, Gerland et al. 
contend on page 234 of this issue (6) that 
the world population will still grow substan- 
tially and is unlikely to stop growing in this 
century. However, almost all of the projected 
population increase by 2100 is confined to 
sub-Saharan Africa, with almost all other 
continents and major countries experienc- 
ing declining rates of population growth and 
rising ratios of elders to workers. 

There was once a “demographic dividend” 
from high fertility that has now largely disap- 
peared. Substantial reductions in child and 
infant mortality rates meant that women 
and families needed to have fewer children 
to reach their desired number of offspring. 
Falling child mortality led to a higher life 
expectancy and, at least initially, a larger 
working-age population. More workers led 
to higher fiscal balances in intergenera- 
tional transfer systems, such as most social 
retirement systems in rich countries. For a 
time there were more workers than elders, 
raising revenue per elder and benefiting one 
generation (the older one) at the expense of 
another. 

The policy problem of an aging popula- 
tion is surely one to be recognized. The U.S. 
“baby boom” between 1946 and 1960 cre- 
ated a huge demographic dividend for the 
parents of these children, not to mention a 
larger number of offspring to care for these 
persons in old age. But then fertility declined 
rapidly, and the number of elders (now the 
early baby boomers) became large relative to 
the number of workers as lower fertility re- 
duced the growth rate of the labor force. At 
the same time, continuing improvements in 
old-age mortality led to faster growth of the 
elderly population. This U.S. baby bust has 
led to projections of substantial long-term 
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changes in federal spending priorities and 
shortages in trust funds for Social Security 
and Medicare (7). 

In addition to this common policy prob- 
lem, what else matters in aging populations 
(see the figure)? Well, in a word, behavior. 
First, savings, work, and both physical and 
human capital formation may change. Older 
generations, with an extended period of re- 
tirement and fewer workers to support them, 
can and often do save more and work lon- 


“.. as governments confront 
population aging, they must 
also address a number 

of related policy issues: 
immigration, inequality, 
education, and gender/ 
family equity in the 
workplace ...” 


ger. That saving will lead to faster economic 
growth if it increases physical productive 
capital. This growth dividend can produce 
a larger economic pie for all, especially if 
greater education investments are made 
to increase human capital in the younger 
and smaller generation to complement the 
technological change that comes with physi- 
cal capital growth. But this is not always 
the case; in fact, the United States may be 
losing the race between investments in hu- 
man capital (education) and physical capital 
(technology) (8). And so we have a different 
worry: underinvestment in education. 
Second, private transfers from the old to 
the young can offset many of these intergen- 
erational imbalances. The generation who 
feels their living standards are highest—that 
is, current elders—may transfer more money 
and educational opportunity to those who 
are younger, as has been the case in many 
rich nations in recent decades. These trans- 
fers do, however, depend on the distribution 
of wealth among the older populations com- 
pared to younger ones. Growing wealth in- 
equality (9) means that wealthy households 
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What is the most serious policy problem? 


Low fertility, population aging, and dependency? 


ait 


Of. 


Underinvestment 
in education? 


Economic inequality? 
Ie 


TTC 


Immigration? Gender/family equality 


in the workplace? 


b 


The consequences of falling fertility. As fertility falls and populations age in most parts of the world, numerous 


policy issues arise. 


are much more able to protect their gen- 
erationally disadvantaged children—for ex- 
ample, through payments for college tuition 
and other “strategic transfers.” Less-well-off 
households have fewer resources to devote 
to their children, exacerbating inequality. 

Third, immigration is both important and 
controversial in rich countries (J0). In emi- 
grant nations, a “good son” is one who leaves, 
at least temporarily, to earn more money and 
transfer it back to his family in the home 
country, a different type of intergenerational 
transfer. Both temporary and permanent im- 
migrants from poorer to richer nations are 
usually the youngest and most productive, 
and those immigrants who stay usually have 
higher fertility rates than the native popu- 
lation. Of course, eventually these perma- 
nent migrants grow old, too. And so, we are 
back to investing in the productivity of the 
younger generation, but now a growing im- 
migrant generation. 

The United States faces this issue right 
now—with the aging white population be- 
ing asked to invest in the education of a 
growing nonwhite child population, many 
of whom are the children of immigrants. 
These investments will be made all the 
harder at the state and local level by the di- 
version of state taxes into health insurance 
for the poor and the elderly. Similar issues 
may follow in Europe and other parts of the 
rich world as African populations grow and 
African migration increases. 

And then there is fertility itself (7). Some- 
times falling fertility is an unmitigated 
good thing. For instance, American fertility 
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has reached its record low through falling 
birthrates among teens and women in their 
early 20s. This is good news for improving 
the upward mobility of children, keeping 
young women out of poverty, and bringing 
the U.S. teen pregnancy rate closer to that 
in other rich countries. But in other cases, 
falling fertility among older, more stable 
couples is exactly the baby bust that con- 
cerns demographers (2). 

Finally, fertility decline is a direct prod- 
uct of greater rights and opportunities for 
women. But fertility can rise again with policy 
that encourages and supports family forma- 
tion. Most young women want motherhood 
to be a part of their lives (17). But the deferral 
of child bearing to older ages, later marriages 
for the well-educated, and the reduction of 
births in rich nations is part and parcel of the 
higher educational attainment and career as- 
pirations of young women. Fertility recently 
rebounded in Sweden and France. Both na- 
tions now have birth rates above those in the 
United States. Both nations provide subsi- 
dized day care for children on a sliding scale 
based on family income. Paid parental leave 
and flexible work schedules also help support 
and nurture family growth. Indeed, there is a 
national family and parental leave policy in 
every rich country except the United States 
(12, 13). Gender equity is thus another policy 
issue to consider. 

Lee et al. (4) conclude that the problem 
of population aging in rich and middle in- 
come countries is tractable: Low fertility can 
challenge government social retirement pro- 
grams, but those programs can adjust by re- 
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ducing benefits for the old or raising taxes on 
the young. And moderately low fertility and 
population decline favor the broader mate- 
rial standard of living for all. But as govern- 
ments confront population aging, they must 
also address a number of related policy is- 
sues: immigration, inequality, education, and 
gender/family equity in the workplace (see 
the figure). Such considerations can enhance 
economic growth, raise fertility, dampen or 
reverse population decline, and produce a 
fairer and better world for all generations. 

So what about Africa? Gerland et al. (6) 
acknowledge that greater investments in 
family planning programs and girls’ edu- 
cation might cause a decline in population 
growth this century in Africa, just as it has 
in most of Asia in the 20th century. But just 
like population aging has its set of problems, 
the authors suggest that rapid population 
growth in high-fertility countries can cre- 
ate its own environmental, economic, and 
health-related challenges as public and pri- 
vate sector investments lag in health, educa- 
tion, and infrastructure. 

The simple moral is that whether popula- 
tion increases or declines, adjustments will 
have to be made. Sub-Saharan Africa has 
a wide range of issues such as racism and 
genocide to contend with also, but the rest of 
the world will continue to experience popu- 
lation aging and, in some areas, continued 
population decline. The time to respond to 
these challenges is now. & 
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QUANTUM PROCESSING 


Catching the quantum sound wave 


A superconducting qubit built to listen as well as see 


By Rusko Ruskov and Charles Tahan 


n ultrasound transducer (“the wand”) 

both creates and detects sound waves 

that travel through the body to create 

images of internal organs or precious 

cargo (see the figure, panel A). This 

compact device is made possible with 
piezoelectric crystals that expand or contract 
in response to an applied voltage and thus 
interconvert sound waves and electrical sig- 
nals. Because sound travels relatively slowly, 
there is time to process the reflected pulses 
and display an image in real time. These 
measurements are in the realm of classical 
physics, but sound could also play a useful 
role in quantum-based devices. On page 207 
of this issue, Gustafsson et al. (7) take a ma- 
jor step toward that goal, demonstrating a 
system in which a specially engineered arti- 
ficial atom in the form of a superconducting 
quantum bit (qubit) couples to propagating 
surface acoustic waves on a chip. This sound- 
matter system shows evidence of 
quantum behavior. 

A fundamental concept of quan- 
tum physics is the wave-particle 
duality of elementary particles; for 
example, a photon behaves like a 
particle or a wave depending on 
the measurement being made. 
The quantum nature of light is 
especially evident in experiments 
that couple moving photons with 
atoms (quantum optics) or quan- 
tize a confined light field, placing an 
atom between two mirrors (cavity 
quantum electrodynamics, or cav- 
ity QED). That light is composed of 
photons is made clear when a single 
atom is shown to radiate one photon 
at a time (2). 

Although sound waves in solid- 
state systems such as a crystal are the col- 
lective excitation of many atoms, quantum 
mechanics tells us that these too behave 
at the smallest level as quantized particles 
called phonons. Mechanical systems have 
received renewed attention, especially in the 
study of nanomechanical resonators as nano- 
fabrication and quantum control techniques 
have improved (3-7). 

The work of Gustafsson et al. introduces 
a new test bed to investigate the quantum 
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properties of sound that is reminiscent of 
the earliest quantum optics experiments. In 
recent years, the essential physics of quan- 
tum optics and cavity QED have been repli- 
cated with superconducting circuits (circuit 
QED) (8). In circuit QED, the photons are 
in the microwave regime, and anharmonic 
(“atom-like”) superconducting qubits that 
use the loss-less nonlinear element of the 
Josephson junction take the place of the at- 
oms. Whereas atoms are microscopic and 
provided by nature, superconducting circuits 
are macroscopic, can be made artificially on 
a chip, and offer exceptional design choice. 
These artificial atoms can be tuned to be 
very sensitive to electromagnetic fields, and 
this capability has been used to create strong 
light-qubit coupling, both in a cavity and 
with itinerant photons. 

Gustafsson et al. took advantage of the 
flexibility of superconducting circuits to 
design a transmon-type qubit (designed to 
minimize sensitivity to charge noise) that 


/ 


produce sound waves on the surface of the 
crystal. 

In this manner, Gustafsson et al. con- 
structed a beautifully straightforward ex- 
periment. A_ standalone _ interdigitated 
transducer (IDT) (analogous to the wand 
shown in panel A of the figure) generates 
SAWs directed toward the sound-sensitive 
transmon qubit (see the figure, panel B). 
This IDT also detects acoustic waves that 
reflect back from or are generated by the 
sound-sensitive qubit, which one might 
call a “soundmon”. The IDT attached to the 
qubit translates the incoming sound wave to 
an electrical signal that can act as an input 
signal for the qubit. This qubit is designed to 
interact with phonons of precisely the same 
frequency as those produced by the IDT. 

The critical question is whether the artifi- 
cial atom really couples to sound in a quan- 
tum way. The qubit can be used to probe the 
quantum nature of sound because its energy 
levels are not equally spaced. In particular, 


GaAs crystal 


couples strongly with surface acoustic waves 
(SAWs) in the crystal on which the qubit sits. 
First, they deliberately fabricated a qubit 
on a gallium-arsenide piezoelectric crystal. 
In a piezoelectric crystal, strain and electric 
fields are directly coupled, the latter being a 
natural interaction mechanism for supercon- 
ducting qubits. They then integrated a SAW 
transducer into the qubit, which can act as 
both a speaker and a microphone for SAWs. 
By fabricating metal wires in an interdigi- 
tated finger arrangement and applying an 
oscillating voltage, the electric field drives 
the strain field via the piezoelectric effect to 
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Classical and quantum sound. (A) Ultrasound imaging works by creating and detecting sound waves with piezoelectric 
crystals in the handheld “wand.” (B) A schematic of the superconducting device of Gustafsson et al. that operates in the 
quantum regime at cryogenic temperatures. An acoustic transducer coupled to a superconducting qubit is fabricated ona 
piezoelectric substrate. Surface acoustic waves are shown to interact in a quantum way with the artificial atom. 


the energy splitting between the ground and 
first excited states is greater than the split- 
ting between the first and second excited 
states. The phonon quanta that make up the 
sound wave can be registered by the qubit, 
which starts out in its ground state given the 
very low temperatures of the experiment. 
When the sound wave’s energy is in reso- 
nance with the qubit (which can be tuned 
with an external magnetic field), a phonon 
can be absorbed as a whole, and the qubit 
will be excited from its ground state to the 
first excited state. A subsequently impinging 
second phonon of the same frequency can- 
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not scatter until the first phonon is “released” 
from the qubit, because it does not match 
the splitting between the first and second 
excited states. Gustafsson et al. showed this 
by continuously changing the rate of imping- 
ing phonons from a much lower to a much 
higher rate with respect to the qubit relax- 
ation time. Their artificial atom reflected 
sound on resonance and did not for nonreso- 
nant conditions, in a manner similar to that 
seen in circuit QED (9). 

Gustafsson et al. also used microwave ra- 
diation to independently excite and drive 
the qubit without sound. The excited arti- 
ficial atom is expected to relax by emitting 
phonons that will travel to and induce a 
characteristic signal at the IDT. The time the 
phonons take to get to the IDT definitively 
differentiates sound from purely electrical 
signals. A cross-talk signal on the IDT was 
seen when the electrical pulse to the qubit 
was turned on (and even when the qubit 
was off resonance). Then, ~40 ns later, the 
sound wave was detected, and this delay cor- 
responded to the sound-wave propagation 
time. Further experiments that used both 
acoustic and microwave drives on the qubit 
showed additional analogs of atomic phys- 
ics, specifically the Autler-Townes splitting 
related to the Stark effect. 

A next step would be to confirm phonon 
antibunching of the driven qubit in this sys- 
tem, which would definitively “prove” the 
existence of phonons. But more questions 
can be asked. How long will an acoustic pho- 
non stay coherent in a specific crystal? Can 
phonons be entangled with each other? Can 
sound-sensitive qubits and cavity quantum 
phonodynamics be realized in other systems, 
for example, via the deformation potential 
(0, 11)? With the ability to make artificial 
atoms much larger than the wavelength of 
the phonon or to perform several qubit op- 
erations (including classical processing and 
feedback) while the slow phonon is still trav- 
eling, the space of available quantum experi- 
ments grows. Look out, quantum optics; the 
future seems loud for quantum sound. & 
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CONSERVATION 


Taking the measure of change 


Predictive models of biodiversity change are required to 
inform conservation policy decisions 


By Ben Collen! and Emily Nicholson” 


ver the past decade, numerous metrics 

for biodiversity—including species 

abundance, extinction risk, distribu- 

tion, genetic variability, species turn- 

over, and trait diversity—have been 

used to create indicators to track how 
biodiversity has changed (1-3). 
These indicators have made it 
clear that biodiversity loss, how- 
ever it is measured, is showing 
little sign of abatement (J, 4) and 
that humans must respond to 
safeguard the provision of natu- 
ral services on which we all rely 
(5, 6). But which metrics provide 
the most informative indicators 
under which circumstances? And how can 
the growing list of indicators best serve con- 
servation policy decisions? 


ALIGNMENT OF TARGET AND INDICA- 
TOR. If we are interested in the status of an 
economy, we measure its performance over 
time using metrics such as cost of goods, 
income, and employment numbers. Those 
metrics are then used to produce indicators 
such as GDP and RPI. Similarly, metrics 
such as species abundance are used to cre- 
ate indicators of the health of biodiversity. 

For an indicator to help achieve a partic- 
ular conservation target, the indicator and 
the target must be closely aligned (4). There 
is little point in measuring progress toward 
a target with an indicator based on a met- 
ric that is only loosely related to the de- 
sired outcome. For example, ensuring that 
protected areas maintain their biodiversity 
is a fundamental goal of conservation. Tar- 
gets are frequently centered on the extent 
of area under protection [e.g., 17% of land 
should be under protection by 2020 (6)]. 
The implicit assumption is that the greater 
the area protected, the more biodiversity 
will prosper. However, this ignores factors 
such as governance, funding, and the type 
of species within the protected area that 
influence its effectiveness. Protected areas 
differ greatly in the protection they afford 
species, but management effectiveness indi- 
cators are only available for less than 5% of 
protected areas (4). Using just one metric 
as an indicator may not achieve the desired 
outcome. 
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Ideally, the chain between metric, indi- 
cator, and policy should start with specific 
targets. In fisheries management, targets 
are often explicit, typically relating to the 
sustainability of fish stocks; this helps to 
guide fisheries policy and management in- 
terventions and to detect fishing impacts 
on marine biodiversity (7). Targets can vary 
widely in scale; metrics such total 
biomass, catch, and mean trophic 
level are used to evaluate sustain- 
ability targets for ecosystem man- 
agement (8), whereas changes in 
recruitment and abundance are 
used to construct indicators for 
managing specific fish stocks (9). 

In contrast, global biodiversity 
targets such as those agreed to in 
the Convention on Biological Diversity (CBD) 
(6) tend to be less specific, and the alignment 
of metric, indicator, and target can be poor. 
For example, one CBD target calls for pollu- 
tion to be reduced to levels that are not detri- 
mental to ecosystem function or biodiversity. 
This laudable target does not detail which 
pollutants, ecosystem functions, or particular 
aspects of biodiversity should be addressed. 
The distinction is important because many 
functions will trade off with one another, and 
prioritizing some aspects of biodiversity will 
be at the cost of others. Efforts to measure 
progress toward this target, hold polluting 
countries and industries to account, and di- 
agnose which interventions work best are 
made more difficult. 

The outcomes of global biodiversity tar- 
gets are perhaps inevitably less focused 
than those in specified circumstances such 
as fisheries management. However, with 
greater demand and scrutiny placed on bio- 
diversity indicators (4) through targets such 
as CBD, how can they better support conser- 
vation efforts? One way forward is improved 
prediction. 


PROJECTING FORWARD. Effective conser- 
vation policy decisions require an explicit 
understanding of the links between desired 
outcomes of conservation, how those out- 
comes can be measured, and the proposed 
actions needed to achieve them (JO). One 
way to accomplish this is to project forward 
the impacts of a prospective policy. In do- 
ing so, both the impact of the policy and 
the ability of indicators to detect change in 
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biodiversity can be measured. By assessing 
alternative policies against a suite of met- 
rics, the best combination of metrics and 
indicators for evaluating policy impacts can 
be identified. 

In a recent study, Kelly et al. showed 
how indicators can provide a link between 
broad conservation targets and local-scale 
implementation (71). The authors applied 
abundance metrics to decisions on wild- 
fire management in Australia. The results 
showed that optimizing fire management 
using an indicator based on geometric mean 
abundance of the vertebrate community re- 
sulted in improved biodiversity outcomes 
relative to following the conventional wis- 
dom of maximizing the prevalence of differ- 


cellent data may be available but the metric 
may be a poor proxy for the aspects of bio- 
diversity of interest. For example, the rate of 
forest loss is often cited as a chief driver of 
decline of wildlife populations (5, 6), but the 
impact of bushmeat hunting, also recognized 
to be a key driver, is rarely measured. Bio- 
diversity declines in forested areas can thus 
continue undetected even when the forest 
loss is slowed or halted. 

Different metrics can give varying impres- 
sions of conservation success. For example, 
imagine that a wildlife population collapses, 
leaving a much smaller population surviving 
in only one region. Tracking abundance then 
yields a picture of decline, whereas tracking 
extinction risk suggests recovery (see the 
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ent fire management regimes. This approach 
demonstrates that clearly defined manage- 
ment goals are necessary to maximize biodi- 
versity in fire-prone ecosystems. 

In fisheries science, substantial emphasis 
has been placed on ensuring that indicators 
respond in predictable ways to particular in- 
terventions or pressures, enabling decision 
makers to tease apart the impacts of differ- 
ent drivers of change (72). In-depth knowl- 
edge of such indicator behavior is lacking 
from analyses of most global biodiversity 
indicators. Put simply, any useful indicator 
must be able to pick up the impact of a man- 
agement intervention. 


RIGOROUS TESTING. Two factors that af- 
fect indicator performance are the design of 
the indicator and the quality of the data that 
underpin it. An indicator may perform badly 
because data to calculate it are difficult to 
obtain or are biased geographically or taxo- 
nomically, rendering it unrepresentative of 
the components of biodiversity the indicator 
is designed to reflect (0). In other cases, ex- 
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figure). One problem lies in adapting met- 
rics designed for another purpose: Extinc- 
tion risk assessments provide a snapshot 
and were not designed to evaluate change 
through time (70). Another problem is expec- 
tation: The risk to the species is diminished 
toward the end of the example because the 
population is now stable, albeit at a much 
lower level than before. 

Several fisheries indicators have been sub- 
jected to rigorous evaluation of whether or 
not they reliably predict changes in marine 
ecosystems (7, 8), but few biodiversity indica- 
tors have been tested in this way. There are 
exceptions; tests of indicator performance 
have shown that data biases can give a mis- 
leading impression of policy impacts (7, 10). 
Other recent studies favorably related the 
Living Planet Index’s underlying metric 
(geometric mean abundance) to models of 
species viability from ecological theory (73) 
and explored its mathematical properties 
(14), showing it to be suitable for measuring 
trends in species extinction risk. 

More extensive stress testing of biodiversity 
indicators would enhance knowledge of how 
biodiversity is changing, show whether the 
existing indicators can measure that change, 
and help identify the most appropriate poli- 
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cies to counteract biodiversity declines. Pre- 
dictive modeling will help to ensure that 
biodiversity indicators can support conserva- 
tion policy. For example, sampling data from 
model systems to mimic current monitoring 
programs allows indicators to be compared 
with a “truth” not available to real-world data 
sets. This framework has been used to test in- 
dicators for fisheries management (7, 8) and 
to evaluate other biodiversity indicators (J0), 
showing that while some indicators perform 
well, others need rethinking. 


TOWARD A MEANINGFUL SET OF 
METRICS. Because of the inconsistency in 
delivery of measures of biodiversity change, 
a set of agreed metrics of biodiversity is 
urgently required (2). If the right informa- 
tion to guide conservation policy cannot be 
gleaned from existing metrics, gathering 
global-level data for an array of new metrics 
would be a necessary but costly endeavor. 
Striking the right balance between expand- 
ing existing data sets and developing new, 
more appropriately designed monitoring 
programs and metrics will be vital if mea- 
sures of biodiversity change are to robustly 
support conservation decisions. 

In doing so, conservation science must be 
rigorous. Testing the modeled performance 
of alternative management actions prior to 
implementation should be the gold standard 
for conservation decision-making. Indica- 
tors of change must also be subjected to 
rigorous performance tests. Such evaluation 
was mentioned in the selection of indicators 
of the CBD 2010 target, with all indicators 
“Identified for immediate testing.” Yet, with 
few exceptions, the indicators remain largely 
unevaluated in their capacity to report mean- 
ingfully on conservation targets and the 
means of achieving them; this remains a crit- 
ical task for predictive conservation science 
if it is to influence conservation progress. ™ 
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Adult male and 
female schistosomes. 


Halting harmful helminths 


Vaccines and new drugs are needed to combat parasitic 


worm infections 


By Karl F. Hoffmann, Paul J. Brindley,” 
Matthew Berriman® 


ore than 300 million people are in- 

fected each year with parasitic flat- 

worms such as hydatid tapeworms 

and blood fluke schistosomes. The 

diseases caused by such parasitic 

helminths, including alveolar/cystic 
echinococcosis and hepatosplenic/urogeni- 
tal schistosomiasis, are typically chronic but 
frequently deadly. They are among the 17 ne- 
glected tropical diseases listed by the United 
Nations World Health Organization, and in- 
fections by these flatworm pathogens cause 
~4 million disability-adjusted life years to be 
lost annually, although this vastly underes- 
timates the true impact that such long-term 
and chronic illnesses can have (J). Histori- 
cally considered restricted to the tropics and 
subtropics, suitable habitats for transmis- 
sion of these parasites are now expanding 
into Europe (2), and conditions are right 
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for similar expansions to other continents 
(3, #). The lack of vaccines perpetuates the 
unsustainable over-reliance on single-drug 
chemotherapies, a potentially catastrophic 
situation unless new solutions are found. 

To accelerate the discovery of vaccines, 
drugs, and exploitable insights into patho- 
genesis, there has been a drive to apply state- 
of-the-art technologies to parasitic helminth 
research. With mammals, great strides have 
been made in these arenas by harnessing 
technologies in stem cell research for large- 
scale mutagenesis studies (5). More recently, 
there has been a shift to develop cell-fo- 
cused approaches coupled with genome 
editing (6). These strategies—especially the 
bacterial clustered regulatory interspaced 
short palindromic repeats (CRISPR)-Cas9 
endonuclease system—have revolutionized 
the way in which genetic-mutational-pheno- 
typic analyses in eukaryotic species are per- 
formed. By contrast, comparable research 
on helminths has lagged far behind. The dif- 
ficulty in maintaining parasitic flatworms in 
the laboratory due to their complex life cy- 
cles (typically alternating between two obli- 
gate hosts) and their recalcitrance to genetic 
and cellular manipulations present major 
bottlenecks for adapting technologies. 

Despite these hurdles, progress in the ar- 
eas of schistosome (blood fluke) transgenesis 
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(7), organ isolation (8), and stem cell charac- 
terization (9), coupled with advances in echi- 
nococcal (hydatid tapeworm) primary cell 
cultures (10, 11), portends a transformation 
in the ability to manipulate and study para- 
sitic flatworms. As a prelude to whole organ- 
ism or cellular transgenesis, techniques have 
been honed over the past 15 years to perform 
loss-of-function studies in schistosomes us- 
ing posttranscriptional gene silencing (72). 
However, this approach is only transient, 
often not fully penetrant, and difficult to 
translate to other parasitic flatworms. Gain- 
of-function manipulation, based on overex- 
pressing transgenes in schistosomes with 
plasmid-based vectors, is possible (13), but 
suffers from the same challenges as post- 
transcriptional gene silencing. 

A breakthrough in developing a stable 
system for manipulating gene function 
came recently with the discovery that pseu- 
dotyped retroviruses (murine leukemia vi- 
ruses) and, to a lesser degree, transposons 
(piggyBac) can introduce transgenes into all 
eight schistosome chromosomes, including 
those found in germ cells (7). Translating 
this to other parasitic flatworms, as well as 
applying methods for selective targeting of 
transgene genome integration, should spur 
investigation of individual gene function. 

Coincident with these developments in 
transgenesis are innovations in parasitic 
flatworm cell culture. Attention has focused 
on stem cells (also called germinative cells 
or neoblasts) and the tissues in which they 
reside because these cells self-replicate as 
well as differentiate and, hence, endow the 
evolutionary and developmental plasticity 
of parasitic flatworms. It is now feasible to 
isolate gonads enriched in stem cells (8), 
identify somatic proliferating stem cells (9), 
and initiate limited-passage cell cultures 
from schistosomes (J/4). Also promising 
are advances in cell cultivation systems for 
echinococcal tapeworms, where continuous 
cultures enriched for replicative and dif- 
ferentiating stem cells can be derived from 
Echinococcus multilocularis (10) and “im- 
mortal” cell lines can be produced from the 
closely related species FE. granulosus (11). 
Although still being refined, it is clear that 
immortalized cell lines based on the prolif- 
eration and differentiation capacity of flat- 
worm stem cells will alleviate the need for 
maintaining complex parasitic life cycles. 

By applying genome editing and knowl- 
edge about cell biology and cell culture to 
blood flukes and hydatid tapeworms, the 
aspiration of developing stable transgenic 
parasitic helminths and manipulable cell 
lines derived from these pathogens is now 
a near-future certainty. Retroviruses engi- 
neered to deliver CRISPR-Cas9-RNA cargos 
represent the most feasible approach in 
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generating permanent transgenic helminths 
(15). By adopting this technology, the assess- 
ment of gene function in these parasites—by 
gene deletion or disruption or by exchang- 
ing codons—should be possible. Developing 
both transgenic parasitic worms and stable 
cell lines will functionally equip investiga- 
tors with game-changing tools to keep pace 
with other, more tractable areas of biology. 

For the first time, these resources will en- 
able the field to address fundamental evo- 
lutionary, biomedical, and immunological 
questions that have stymied the development 
of new treatments. How does immortality in 
parasitic flatworms operate? That is, how 
do parasite stem cells contribute to the de- 
velopmental plasticity involved in the com- 
plex life cycles of these animals (including 
both asexual and sexual components) within 
obligate hosts? And, in the case of Echino- 
coccus, for example, do the highly prolif- 
erative asexually reproducing larvae present 
new opportunities for interventions? Also 
mysterious is how long-term host-parasite 
relationships develop and are maintained 
to the mutual benefit of both symbiotic 
species. Once infected, helminth-mediated 
host immunomodulation and host-mediated 
parasite elimination compete, continuously 
striving to gain the upper hand. For example, 
age-dependent immunity is seen in schisto- 
some-infected humans, where children har- 
bor the vast majority of parasites in endemic 
areas. What are the molecular mechanisms 
underlying these processes, and what op- 
portunities do they offer for developing new 
intervention strategies? 

Adapting breakthrough biotechnologies 
to these neglected pathogens hopefully will 
drive the innovations needed to more fully 
understand their intriguing biology and 
pathogenesis. This could open up an excit- 
ing new frontier of translational options 
needed to control the damage caused by 
these harmful helminths. 
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CANCER 


Attack of the clones 


What makes lung cancer so resilient? 


By Ramaswamy Govindan!” 


early 40 years ago, it was presciently 

observed (1) that each patient’s can- 

cer would require individual therapy 

and that this would be “thwarted” 

by the emergence of resistant cells. 

This prediction has proven to be de- 
pressingly true in various malignancies. It 
is now evident that malignant clones and 
subclones evolve not only through gradual 
acquisition of mutations but are also sec- 
ondary to abrupt catastrophic events (such 
as massive chromosomal rerarrangement), 
leading to genomic heterogeneity in a tu- 
mor over time. The advent of next-genera- 
tion sequencing has enabled these processes 
to be studied in unprece- 
dented detail. Considerable 
intratumoral _heterogene- 
ity has been demonstrated 
in certain hematological 
malignancies and cancers 
of the breast, ovary, blad- 
der, prostate, pancreas, and 
kidney (2-8). On pages 256 
and 251 of this issue, Zhang 
et al. (9) and de Bruin et al. 
(10), respectively, describe 
the universal prevalence of 
intratumoral heterogeneity 
in lung cancer, with impor- 
tant implications for future 
research. 

Lung cancer is one of 
the leading causes of can- 
cer-related death globally. 
Non-small cell lung cancer 
(NSCLC) is the most com- 
mon type, accounting for 
nearly 85% of all newly 
diagnosed cases. A sizable minority of pa- 
tients with lung cancer, ranging from 10 to 
40% depending on the region of the world, 
reports no history of tobacco smoking (/7). 
More than half report quitting tobacco 
smoking years before the diagnosis of lung 
cancer. Most patients with NSCLC either 
present with metastatic disease or their 
cancer recurs despite undergoing treatment 
for seemingly localized disease, underscor- 
ing the systemic nature of this disease. Cy- 
totoxic chemotherapy regimens developed 
over the past few decades have produced 
only modest improvements in survival in 
patients with metastatic NSCLC. However, a 
small subset of patients (15%), with tumors 
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driven by activating mutations in the gene 
encoding epidermal growth factor receptor 
(EGFR) or rearrangements in the gene cod- 
ing for anaplastic lymphoma kinase (ALK), 
benefit substantially from specific targeted 
therapies. Even these patients eventually 
succumb to tumor progression within a few 
years of diagnosis. It is critical to under- 
stand fully the molecular events leading to 
the initiation, maintenance, and progression 
of lung cancer to improve these outcomes. 
The complex genomic landscape of 
NSCLC related to tobacco smoking is char- 
acterized by innumerable single-nucleotide 
variations, gene amplifications, insertions, 
deletions, and structural rearrangements 
(12, 13). By contrast, there are strikingly 
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fewer mutations and genomic alterations 
in the lung cancer specimens from non- 
smokers (14). Almost all genomic studies in 
lung cancer reported to date have been con- 
ducted with samples obtained from a single 
region of the tumor, limiting knowledge 
about the extent of intratumoral heteroge- 
neity and clonal evolution. 

Tumors evolve either in a linear fashion, 
by acquiring progressively fitter clones that 
outpace the founding clones, or more com- 
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monly follow a branched pat- 
tern where multiple subclones 
thrive simultaneously, result- 
ing in acomplex heterogeneous 
tumor (see the first figure). 
Identification of key “driver” 
mutations—those that confer a 
selective growth advantage to 
a cancer cell—contributing to 
these branch points in NSCLC 
is vitally important from the 
therapeutic standpoint. Zhang 
et al. used multiregion whole- 
exome sequencing on 11 lung 
adenocarcinomas whereas de 
Bruin et al. applied whole- 
exome sequencing and/or 
whole-genome sequencing on 
25 spatially distinct regions 
from seven localized NSCLC 
tumor samples. Intratumoral 
heterogeneity was universal 
in all the 18 primary tumors. 
About a third of all nonsilent 
mutations analyzed by de 
Bruin et al. were present in at 
least one region but not in all 
regions of individual tumors. De Bruin e¢ al. 
found evidence of branched evolution with 
key driver mutations present before, and 
even after, subclonal diversification, raising 
the uncomfortable possibility that single- 
region sampling, as is currently being done 
in clinical diagnosis, could miss key driver 
mutations present in specific subclones. 
By contrast, Zhang et al. identified 20 out 
of 21 known cancer genes in all regions of 
the individual tumors. As these two studies 
are too small to allow any definite conclu- 
sions to be drawn on this topic, for now, 
the practice of single-region biopsy should 
continue for clinical diagnostic purposes. 
Multiregion, multisite biopsies of meta- 
static lesions carry considerable risks, and 
the evidence has to be more persuasive to 
change this practice. 

More work is needed to understand the 
prevalence of regionally dominant sub- 
clones with known driver mutations and 
their role in metastases and drug resis- 
tance. Zhang e¢ al. noted that three patients 
with a larger fraction of subclonal popula- 
tions developed recurrent disease after sur- 
gery, an observation that deserves further 
attention with regard to the use of intratu- 
moral heterogeneity itself as a biomarker of 
poor prognosis. 

Two interesting observations made by 
de Bruin et al. suggest the possibility that 
smoking-related genomic events occur 
fairly early in the disease, together with 
early driver events and single-nucleotide 
variations (see the second figure). Genome- 
doubling events incorporating character- 
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istic signatures of smoking occurred long 
before the development of clinical disease 
in former smokers, suggesting prolonged 
latency from the first driver events to clini- 
cal presentation. Even in the presence of 
continued tobacco smoking, carcinogen- 
related genomic events decreased over 
time along with a concomitant increase in 
mutagenesis related to activation of a class 
of enzyme called apolipoprotein B mRNA 
editing, enzyme-catalytic, polypeptide-like 
cytidine deaminases (APOBEC). 

Clearly, more work needs to be done 
to understand the clinical implications of 
clonal evolution and intratumoral heteroge- 
neity. Studies on intratumoral heterogeneity 
so far have relied mostly on DNA alterations, 
whereas genomic events contributing to 
clonal evolution likely extend beyond sin- 
gle-nucleotide variations and copy-number 
alterations. Multiregion analyses need to in- 
corporate sample procured from metastatic 
sites along with their corresponding primary 
lesions to identify the subclones enriched in 
metastatic foci. In addition, a better under- 
standing of clonal evolution at metastatic 
sites, perhaps under selective pressures 
from local tissue environments, could help 
identify patients at risk for recurrence and 
distant metastases, and perhaps lead to spe- 
cific therapies to halt the inexorable spread 
of cancer to other organs. 

The distorted cancer genome landscape 
is sculpted continually by stochastic events 
and therapy-induced alterations. Under- 
standing this process requires serial biopsies 
to characterize clonal evolution both spa- 
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tially and temporally. Emerging technologies 
would hopefully facilitate comprehensive ge- 
nomic analyses of circulating cell-free DNA 
(so-called liquid biopsies) to obviate the 
need for invasive core biopsies. Further, sta- 
tistical methods and algorithms should be 
developed to elucidate the interplay between 
dysfunctional gene and protein networks 
using an integrated multilayered “omics” 
approach. 

To accomplish these goals, clinical trial 
infrastructure must be optimized to incor- 
porate genomic studies along with inter- 
ventional clinical studies. For example, the 
Adjuvant Lung Cancer Enrichment Marker 
Identification and Sequencing (ALCHE- 
MIST) trial will screen ~8000 patients with 
surgically resected NSCLC to test for the 
presence of EGFR mutations and ALK rear- 
rangements and determine the efficacy of 
targeted drugs in the postoperative setting. 
The trial will include studies to identify ge- 
nomic alterations in NSCLC. Attempts will 
be made to collect samples at the time of 
relapse to study clonal evolution following 
postoperative therapy. A large prospective 
effort, Tracking NSCLC Evolution Through 
Therapy (TRACERx), and its sister study, 
Deciphering Anti-tumor Response and Evo- 
lution with Intratumor heterogeneity (DAR- 
WIN), will also contribute to understanding 
intratumoral heterogeneity and_ clonal 
evolution. 

It is critical to develop a national infra- 
structure to conduct comprehensive multi- 
regional and multisite genomic studies with 
samples procured through “warm autopsies” 
from patients with a wide variety of malig- 
nancies. An organized program could collect 
a large amount of highly informative sam- 
ples in a relatively short period. Developing 
new cancer therapies may still be a long and 
arduous process. A better understanding of 
genomic alterations is key to develop more 
rational and effective therapies. & 
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ARTIFICIAL INTELLIGENCE 


Ampli 


ify scientific discovery 


with artificial intelligence 


Many human activities are a bottleneck in progress 


By Yolanda Gil,’ Mark Greaves,” 
James Hendler,?* Haym Hirsh* 


echnological innovations are pen- 

etrating all areas of science, making 

predominantly human activities a 

principal bottleneck in scientific prog- 

ress while also making scientific ad- 

vancement more subject to error and 
harder to reproduce. This is an area where a 
new generation of artificial intelligence (AI) 
systems can radically transform the prac- 
tice of scientific discovery. Such systems are 
showing an increasing ability to 
automate scientific data analy- 
sis and discovery processes, can 
search systematically and correctly through 
hypothesis spaces to ensure best results, can 
autonomously discover complex patterns in 
data, and can reliably apply small-scale sci- 
entific processes consistently and transpar- 
ently so that they can be easily reproduced. 
We discuss these advances and the steps 
that could help promote their development 
and deployment. 

Applying AI to the practice of science is 
not new. AI pioneer and Nobel laureate 
Herbert Simon hypothesized that cognitive 
mechanisms involved in scientific discovery 
are a special case of general human capabili- 
ties for problem-solving and, with colleagues, 
developed systems in the 1970s and 1980s 
that demonstrated reasoning capabilities 
for analyzing scientific data (J). Also in the 
1970s, Joshua Lederberg (another Nobel win- 
ner) and colleagues developed the DENDRAL 
system for analyzing mass spectrometry data 
in order to hypothesize molecular structures 
(2). More recent breakthroughs, such as ro- 
bot scientists and software that formulates 
laws for complex dynamical systems, demon- 
strate broader applicability of AI techniques 
for scientific discovery (3). 

Over the past two decades, AI has seen 
accelerating scientific advances and con- 
comitant commercial-sector successes be- 
cause of advances on three fronts: steady 
scholarly advances, especially as success has 
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increased the numbers of interested partici- 
pants; Moore’s law and steady exponential 
increases in computing power; and expo- 
nential increases in, and broad availability 
of, relevant data in volumes never previously 
seen. Those scientific efforts that have lever- 
aged AI advances have largely harnessed so- 
phisticated machine-learning techniques to 
create correlative predictions from large sets 
of “big data.” Such work aligns well with the 
current needs of peta- and exascale science. 
However, AI has far broader capacity to ac- 


information-finding beyond current search 
limitations. 

We can project a not-so-distant future 
where “intelligent science assistant” pro- 
grams identify and summarize relevant 
research described across the worldwide 
multilingual spectrum of blogs, preprint ar- 
chives, and discussion forums; find or gen- 
erate new hypotheses that might confirm or 
conflict with ongoing work; and even rerun 
old analyses when a new computational 
method becomes available. Aided by such 
a system, the scientist will focus on more 
of the creative aspects of research, with a 
larger fraction of the routine work left to the 
artificially intelligent assistant. 

New types of intelligent systems that can 
enhance scientific efforts in this manner are 
transitioning from academic and industrial 
research laboratories. A term gathering pop- 
ularity for systems that intelligently process 
online information beyond search is “cogni- 
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Schematic of Hanalyzer. Hanalyzer is an example of a modern scientific discovery system. It integrates assertions 
from biomedical databases and then reasons about the resulting semantic information to suggest novel correlations 


from which scientists can generate testable hypotheses. 


celerate scientific discovery, and AI-based 
systems that can represent hypotheses, 
reason with models of the data, and design 
hypothesis-driven data collection techniques 
can reduce the error-prone human bottle- 
neck in scientific discovery. 


SEARCHING AND SYNTHESIZING. What 
do these intelligent systems look like to- 
day? AI techniques are amplifying existing 
tools in identifying relevant results from the 
broader scientific community. Search en- 
gines are some of the most important and 
frequently used tools in the general scien- 
tific arsenal. Major search engines all use AI 
techniques for tasks like query suggestion 
and result customization. Increasingly, sci- 
entists in many fields are augmenting the 
power of search by using machine-readable 
ontologies and Semantic Web technology 
(4) to tag not just scientific articles but 
also figures and videos, blogs, data sets, 
and computational services, which allow 
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tive computing,” used by IBM in describing 
the Watson system that beat the best human 
players in the televised Jeopardy! game (5). 
One kind of cognitive system includes lan- 
guage-based programs like Watson, which 
is now being used by IBM and a number 
of prominent medical centers in develop- 
ing tools for improving medical treatment 
by helping doctors keep up with constantly 
changing medical literature. To enhance 
these capabilities, the U.S. Defense Ad- 
vanced Research Projects Agency (DARPA) 
recently announced a major effort to syn- 
thesize new systems-biology models of can- 
cer by knitting together fragmentary causal 
hypotheses gathered by automatically read- 
ing papers in the literature (6). Another 
group of cognitive systems, based largely on 
advances in neural networks and neurologi- 
cally inspired computation, is beginning to 
show promise in the analysis of nontextual 
processing, especially of online images and 
video, across a wide range of areas including 
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biological imaging (7), species preservation 
(8), and quantum chemistry (9). 


DIGESTING DATA. AI techniques have ac- 
celerated the pace and quality of analysis of 
the huge quantities of data that can stream 
from modern laboratory equipment. To de- 
rive scientific insight from data at this scale, 
standard methods include applying dimen- 
sionality-reduction techniques and feature 
extractors to create high-speed classifiers 
based on machine-learning approaches, such 
as Bayesian networks or support-vector ma- 
chines. Because the phenomena under study 
often exist in nonstationary environments 
or in contexts with only small quantities of 
labeled data that can be used for training— 
complex, unsupervised, and reinforcement 
machine-learning techniques are critical for 
data analysis. These types of approaches are 
being used in recent projects in data-rich ar- 
eas as diverse as chemical structure predic- 
tion, pathway analysis and identification in 
systems biology, the processing of large-scale 
geophysics data, and others. 

Another, more ambitious class of intelli- 
gent systems is being developed under the 
rubric of Discovery Science or, increasingly, 
Discovery Informatics (10). These systems 
enhance the intelligent assistants described 
earlier with the capability to attack scientific 
tasks that combine rote work with increasing 
amounts of adaptivity and freedom. These 
systems use encoded knowledge of scientific 
domains and processes in order to assist 
with tasks that previously required human 
knowledge and reasoning. In fact, several 
sciences have significant investments in the 
representation of vast amounts of scientific 
knowledge and are poised to explore new in- 
telligent systems that exploit that knowledge 
for discovery. 

For example, the Hanalyzer (short for 
high-throughput analyzer) uses natural lan- 
guage processing to automatically extract a 
semantic network from all PubMed papers 
relevant to a specific scientist, uses Semantic 
Web technology to integrate assertions from 
other biomedical sources, and reasons about 
the network to find new correlations that 
suggest new genes to investigate (JZ) (see 
the figure). The Wings system uses Semantic 
Web technologies and AI planning to reason 
about specific choices of models and algo- 
rithms for water-quality data and customizes 
workflows automatically for daily condi- 
tions (72). Eureqa, usable in many scientific 
fields, searches a vast space of hypotheses 
consistent with given data observed in an 
experiment, selects those most promising, 
and designs experiments to test them (13). 
Sunfall incorporates usability principles and 
cognitive load considerations in the design 
of a visual analytics interface; this reduces 
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scientists’ workload and false-positive rates 
in identifying supernovae (14). 

These four systems are representative of 
the ways that more advanced AI can serve 
scientific ends. They are based on explicit 
representations of science processes, and 
they reason about these to automate pro- 
cesses and assist the human scientist. De- 
velopment of the explicit representations of 
scientific processes on which they are based 
is complex. When successful, the computer 
can become a real (although junior) par- 
ticipant in the science process, doing what 
it does best: applying algorithmic methods 
and bringing knowledge to bear in a consis- 
tent, systematic, and complete manner. 


A VIRTUOUS CIRCLE. Developing systems 
like these is not just an exercise in AI appli- 
cation—it affects the direction of AI research. 
Addressing real challenges of science pushes 
the AI envelope in many areas, including 
knowledge representation, automatic infer- 
ence, process reasoning, hypothesis genera- 
tion, natural language processing, machine 
learning, collaborative interaction, and in- 
telligent user interfaces. This interaction 


“Al-based systems that can 
represent hypotheses ... can 
reduce the error-prone human 
bottleneck in ... discovery.” 


creates a virtuous circle where advances in 
science go hand in hand with advances in AI. 
This virtuous circle can only work well if bal- 
anced and well oiled. 

What are the best ways to immerse AI re- 
search into scientific practice so that it can 
deliver on this promise? First, and perhaps 
most obviously, is conceiving new means of 
bringing interdisciplinary research teams to- 
gether at an earlier stage of research and in 
a sustainable manner. Increasingly, there is a 
realization in academia that scientists must 
gain broad knowledge and skills in computa- 
tion and programming. This should include 
AI components—training and supporting 
students and young researchers. In addition, 
basic research to advance AI in domains of 
science practice needs to be facilitated and 
rewarded in academia, as standard criteria 
for research merit focus primarily on theo- 
retical advances in computing per se and 
thus do not transfer well to this kind of mul- 
tidisciplinary research. 

A significant challenge that appears to 
be specific to AI is to attract scientific re- 
searchers to engage in this joint research. 
Scientists have made significant invest- 
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ments in the past in advanced computing 
technologies, such as high-end computing, 
distributed databases, and sensor networks. 
However, their interest in AI seems relatively 
limited. With AI systems having impacts in 
the consumer sector (e.g., speech recogni- 
tion systems, real-time automated language 
translation, and self-driving cars and self- 
navigating drones), why are scientists not 
enthusiastic about embracing AI? 

One hypothesis is the lack of clear methods 
to measure the impact of AI in science. There 
are exceptions in some areas of AI, such as 
machine learning and language processing, 
where metrics to compare systems have been 
defined and improvement has been mea- 
sured. But there has been little research into 
such measurement more generally, especially 
for the heuristic methods of the reasoning 
field. Methods to quantify significant ad- 
vances because of the use of new AI technolo- 
gies in scientific fields are needed to validate 
the impact of AI on scientific discovery. 

Another reason may be the limited work 
of the AI community in disseminating and 
marketing ideas to scientists. Although many 
non-Al scientists attend supercomputing and 
database conferences, few are compelled to 
attend an AI conference. Possibly, research- 
ers are influenced by the unrealistic science 
fiction images of super-smart machines, 
rather than the realities of current techno- 
logical advances. Understanding the sources 
of hesitation of scientists to embrace AI will 
be a first step toward changing the culture 
and bringing these communities together. 

The world faces deep problems that chal- 
lenge traditional methodologies and ideolo- 
gies. These challenges will require the best 
brains on our planet. In the modern world, 
the best brains are a combination of humans 
and intelligent computers, able to surpass 
the capabilities of either one alone. & 
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Readers are.invited to explore Mars with the Curiosity 
rover in National'Geographic’s Mars Up Close. 


SPACE EXPLORATION 


The illustrated Mars 


By Margaret Moerchen 


n outsider could easily gape at Curi- 

osity and its images without knowing 

the planning and innovation required 

to gently deliver a 2000-pound robot 

laden with 10 instruments to Mars. 

But journalist Marc Kaufman spent 
two years embedded with the team at NASA’s 
Jet Propulsion Laboratory to bring this dra- 
matic journey to life for the reader of Mars 
Up Close. The goal of Curiosity’s mission— 
to characterize the habitability of Mars—is 
no simple task, and it relies on the myriad 
expertise of several hundred scientists and 
engineers. Snapshot profiles of 13 of these 
“Mission Makers” are woven throughout the 
book and include experts with diverse exper- 
tise and skill sets—from geologists to robot 
drivers to astrobiologists. 

The presentation of Curiosity’s journey, 
landing, and instrumentation, depicted 
in large format, recalls the works of au- 
thor and illustrator David Macaulay, whose 
books deconstruct complex systems in a vi- 
sually stunning manner. Curiosity’s design 
and execution are presented as similarly 
monumental. 

However, unlike static monuments, only 
through movement can Curiosity fulfill the 
mission’s key aim: to find out whether Mars 
ever had the capacity to support life as we 
know it. Detailed satellite maps show the 
path of more than five miles between the 
rover’s safe landing site and its intended des- 
tination, the three-mile-high Mount Sharp 
(Aeolis Mons). 

With Curiosity’s array of cameras and 
novel image-processing techniques, we see 
how different Mars is from Earth. Photo- 
graphs taken by Curiosity show the marked 
sedimentary stratification of the mountain, 
which mission scientists hope to read like 
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Marc Kaufman 
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a timeline of the Martian environment. At 
times, however, photos of Mount Sharp and 
other landscapes shown throughout the book 
are difficult to distinguish from more-famil- 
iar Earth terrain. The layout of the photos of- 
fers the dramatic presentation for which its 
publisher, National Geographic, is known. 

Two exciting findings from the Curiosity 
mission detailed in the book are the discov- 
eries that Mars was much wetter than previ- 
ously thought and that wet conditions lasted 
until as recently as 3.5 billion years ago. Us- 
ing drills, ovens, and lasers to sample the 
planet’s surface for chemical and mineral 
analysis, Curiosity has revealed an appar- 
ent lake bed where water pooled for at least 
hundreds, and possibly tens of thousands, of 
years. Other tools on board the Curiosity of- 
fer further tantalizing hints at the building 
blocks of life, as detailed in the chapter “In 
search of organics.” 

Interviews with those at the periphery 
of the mission provide a broader context 
for the history. For example, Jet Propulsion 
Laboratory chief engineer Gentry Lee, who 
directed the Mars Viking landers, is a pas- 
sionate advocate for improving understand- 
ing of Curiosity’s importance to our society, 
and SpaceX founder Elon Musk entreats us 
to push our frontiers of exploration while we 
can. This book lays out both the inspiration 
and the justification for maintaining sup- 
port for the Mars program. 
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The edge of 
science 


By Michael A. Goldman 


o Dartmouth cosmologist Marcelo 

Gleiser, scientific knowledge is an 

island in an infinite sea, expanding 

as we discover, and with an ever- 

expanding shore of new questions 

and mysteries. The question he poses 
in Island of Knowledge is whether or not 
our failure to know everything is just the 
technical limitation of the moment, or if 
there is a point at which something is just 
plain unknowable. Whatever the answer, 
he assures us that we should feel neither 
defeated nor smug; the excitement is in the 
challenge. 

The author provides a sweeping didactic 
and historical introduction to astronomy 
and physics. It stretches in size from the 
outer reaches of the universe to the too 
small to measure and in time from before 
the Big Bang to the end of eternity. 

Gleiser has a gift for telling a story 
grandly and clearly. His history is nothing 
if not thorough, beginning in early super- 
stition and mythology and methodically 
working up to current scientific questions 
in cosmology and physics. Along the way, 


The Island of Knowledge 
The Limits of Science and the 
Search for Meaning 

Marcelo Gleiser 

Basic Books, 2014. 359 pp. 


he touches on everything from philosophy 
to optics to artificial intelligence. 
Throughout the book, Gleiser wrestles 
with the two extremes of the physical 
world, at times exploring the limitations 
associated with understanding the vastness 
of the physical universe and, at others, de- 
scribing the challenges associated with un- 
derstanding objects on the quantum scale. 
I don’t fear a “spoiler” here, as the careful 
cases Gleiser builds in elegant language 
can’t be summarized in this space. But I 
also warn that the depth of Gleiser’s philo- 
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sophical thought, his analytical approach to 
history, and his refusal to whitewash techni- 
cal detail make this a demanding, though 
stimulating, read. 

Gleiser paints a clear picture of the way 
in which our knowledge is dependent on 
the tools currently at our disposal. He il- 
lustrates this idea by describing the limits 
imposed by the power of the first micro- 
scopes and telescopes. Today, he argues, it’s 
the power of our particle accelerators that 
determines what we can perceive. On the 
other hand, he maintains that new tools 
have the power to reveal the breadth of 
our ignorance, prompting new questions 
that were previously inconceivable. With 
the invention of the microscope came the 
discovery of microscopic life, for example, 
prompting a slew of new questions about 
the origins and evolution of life. 

Of course, science still has some diffi- 
culty in grappling with its own provisional 
nature. It was the religious right that op- 
posed Galileo, but it was clearly the scien- 
tific establishment that challenged DNA as 
the genetic material in the 1940s and later 
would challenge any idea to the contrary 
(like Prusiner’s prions). It seems the more 
we endeavor to teach the public about the 
exquisite process of science, the more we 
ourselves forget its dependence on confir- 
mation and self-correction. 

Ambiguity is at the very heart of quan- 
tum physics, which Gleiser illustrates with 
a description of the aptly named Heisen- 
berg uncertainty principle. At least right 
now, this is a fundamental, physical limit 
to knowledge. This idea of inherent uncer- 
tainty is, perhaps, one of the most hum- 
bling limits associated with our quest for 
understanding. 

The book is mistitled in that it deals 
primarily with the limits to the science of 
physics, rather than science in general, dab- 
bling just a bit in neural science and arti- 
ficial intelligence. Although the unknown 
now courses into every branch of science 
and mathematics, it is arguable whether the 
true, ultimate bounds of knowledge will in- 
deed be reached in the realm of physics and 
cosmology. 

Coming to grips with the ever-changing 
landscape of fact, and the possibility that 
some things cannot, by their very nature, be 
known, is fundamental to our understand- 
ing of science and the scientific method. 
But, as Gleiser argues, this needn’t be cause 
for despair. “To avoid the funk of a modern 
scientific nihilism, we must find joy in what 
we are able to learn of the world, even if 
knowing that we can only be certain of very 
little.” 


10.1126/science.1256987 
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How medicine became modern 


By Mathieu Maheu-Giroux 


n 19th-century Europe and North 

America, consumption, as tuberculosis 

was then known, was the most com- 

mon cause of death. It was so common 

and disease progression so torpid—pa- 

tients could often expect to live years, 
if not decades, with this malady—that the 
idea that consumption was contagious was 
unfathomable. A diagnosis of tuberculo- 
sis was considered a death sentence, and, 
although many cures had been proposed, 
from cod-liver oil to sanatoriums, none of 
them worked. In The Remedy, science jour- 
nalist Thomas Goetz describes much more 
than the fascinating quest to find a cure for 
tuberculosis. He chronicles the emergence 
of modern medical science through the pio- 
neering work of Robert Koch and the life of 
author Arthur Conan Doyle. 


The story begins in the 1870s with Rob- 
ert Koch, then a young provincial doctor in 
Germany, performing his first experiments 
to demonstrate that bacteria were the caus- 
ative agents of anthrax. His meticulous 
work would lead to the widespread accep- 
tance of the germ theory, the then-radical 
proposition that diseases are caused by 
microorganisms (and not by miasma, a 
pernicious form of “bad air”). The author 
exposes how breakthroughs do not occur 
in a vacuum, that discoveries are attributed 
to those who succeed in convincing others, 
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and how scientists themselves often resist 
innovation. 

The book also goes to lengths in de- 
scribing Koch’s rivalry with Louis Pasteur, 
fueled by French-German antagonism and 
personal ambition, and how it catalyzed 
research efforts leading to Koch’s discovery 
of tuberculosis’s infective cause, Mycobacte- 
rium tuberculosis. This finding was hailed 
as a revolution as it finally opened the door 
for a cure. There was even more excitement 
when Koch announced, a few 
years later, the discovery of a 
remedy. 

This is where Koch and 
Conan Doyle, also a physician 
by training, crossed paths. 
The latter traveled to Berlin 
and visited patients receiving 
this mysterious treatment. 
“Using Koch’s own model of 
logic and analysis,’ Conan 
Doyle attacked this remedy as 
spoof, noting that Koch’s sub- 
stance had no effect in treat- 
ing the disease. 

Goetz posits that Koch 
“provided the template for 
Sherlock Holmes’s _ fascina- 
tion with minuscule detail.” 
As much as the author would 
like to convince us, his case remains disput- 
able, as the two men never actually met. 
Conan Doyle himself said that his inspira- 
tion for the famous detective was his for- 
mer professor, Joseph Bell. That and some 
digressions on the antivivisectionist and 
modern antivaccination movements are the 
book’s shortcomings. 

Despite this, Goetz’s pungent account of 
some of the 19th century’s landmark medi- 
cal discoveries, from antiseptic surgery to 
the anthrax vaccine, is definitely worth a 
read. Hopscotching through time and coun- 
tries, he brilliantly narrates the rise of the 
two protagonists and how their embrace of 
deductive logic and scientific methods em- 
bodied the spirit of the time. 

10.1126/science.1255877 
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Algal blooms: 
Noteworthy nitrogen 


NUTRIENT OVER-ENRICHMENT in lakes 
drives water-quality deterioration. The 
August 2014 water supply shutdown from 
Lake Erie to over 500,000 residents in 
Toledo, Ohio (1), highlights this problem, 
which has been historically addressed 

by controlling phosphorus (P) inputs. 
Management and research are based on 
the premise that P is the limiting factor in 
freshwater productivity and harmful algal 
bloom (HAB) formation (2, 3). However, 
reducing P is no longer adequate for many 
lakes. Recent studies indicate algal prolif- 
eration in response to combined nitrogen 
(N) and P additions, or in some cases, the 
addition of only N (4-8). This shift in the 
freshwater nutrient management para- 
digm has important implications. 

The toxic cyanobacterial genus 
Microcystis often dominates in nutrient- 
sensitive systems despite P-focused 
controls. Members of this genus cannot fix 
atmospheric N, (i.e., convert N, to ammo- 
nia), so they require combined N sources 
(such as ammonium, organic N, or nitrate) 
to support growth. Burgeoning usage of 
N fertilizers, urban and agricultural N 
wastes, and atmospheric N deposition 
have increased bioavailable N in receiving 
waters (9). This global pattern coincides 
with growing eutrophication issues, 
especially toxic, non-N,-fixing cyanobac- 
terial blooms, as exemplified by China’s 
third-largest lake, Tai; in 2007, massive 
Microcystis blooms cut off drinking-water 
supplies to approximately 10 million local 
residents (10). 

N occurs in gaseous forms, unlike P, 
and N is “lost” to the atmosphere through 
denitrification and other N sinks, whereas 
P is recycled internally (along with some 
N), perpetuating N-limitation (8). In-lake 
N, fixation does supply bioavailable N, 
but this input does not compensate for N 
loss (8, 1J). External N input is thus a key 
driver of eutrophication. Therefore, the 
“P-only” management paradigm should be 
amended to incorporate N-driven eutro- 
phication and HAB abundances. 

New nutrient reduction strate- 
gies should incorporate point and 
non-point sources, including N removal 
in wastewaters, optimization of fertilizer 
application, and erosion controls. This 
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Bloom of the toxic, non-N,-fixing cyanobacteria Microcystis spp. in eutrophic Lake Tai, China. 


investment in joint P and N controls will 
counter the very high costs of HAB events 
and losses of freshwater resources in 
Toledo and worldwide. 
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Algal blooms: 
Proactive strategy 


CYANOBACTERIAL HARMFUL algal blooms 
(CHABs) are increasing in severity on a 
worldwide basis. Combining nutrient- 
source control with post-bloom control is 
currently considered the best strategy for 
dealing with CHABs (7). However, huge 
investments in this strategy have proven 
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ineffective in China, as demonstrated by 

yet another massive bloom last summer 

in Lake Tai despite over 100 billion RMB 
(more than US$16.25 billion) invested since 
2007 (2). Further afield, four decades of 
strict phosphorus loading regulations have 
not prevented massive CHAB events in Lake 
Erie of the Laurentian Great Lakes of North 
America and the adjacent water bodies (3). 

The current strategy apparently has 
limited effectiveness. Furthermore, 
nutrient-source control may not be 
feasible for many developing countries 
because of increasing population pressure 
and pollution, and elevated CO, influx into 
aquatic systems and climate change will 
intensify algal blooms (4). Once CHABs 
have occurred, even the most effective 
methods to date of removal of cyanobac- 
teria and cyanotoxins cannot eliminate 
their adverse impacts on ecosystems and 
human health (5). 

We firmly believe that the missing key 
component in the current strategy is 
proactive CHAB control. By implementing 
this approach over the past 15 years, we 
have achieved effective long-term preven- 
tion of CHABs in several severely eutrophic 
lakes and reservoirs in Eastern China (6), 
thus showing that this approach is entirely 
possible and practical. Our strategy also 
affords valuable time for the implementa- 
tion of nutrient-source control. 

Proactive CHAB control requires 
appropriate technical expertise aimed at 
inhibiting algal growth during the spring 
season, when cyanobacteria is vulnerable 
to foraging species. This would involve 
developing new tools to trace pre-bloom 
algal distribution so that proactive treat- 
ments only need to be implemented within 
algae concentrated areas and in a cost- 
effective manner. Continuous monitoring 
and assessment of water bodies would 
maximize treatment efficacy. 
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Moreover, supportive laws and govern- 
ment policies are necessary. In particular, 
governments from different jurisdictions 
should reallocate resources to where 
CHABs originate; implement an appro- 
priate merit system for proactive CHAB 
prevention and other measures related 
to eco-service enhancement; and cur- 
tail counterproductive human practices 
such as illegal fishing by enhancing law 
enforcement and providing alternative 
livelihoods and social learning to affected 
communities. 
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Ocean acidification 
foils chemical signals 


THE CRUCIAL IMPORTANCE of chemical 
cues to reef resettlement was elegantly 
demonstrated by D. L. Dixson et al. 
(“Chemically mediated behavior of recruit- 
ing corals and fishes: A tipping point that 
may limit reef recovery,’ Research Article, 
22 August, p. 892). Similarly, waterborne 
chemical signals (pheromones) and cues 
are essential for mediating marine species’ 
behaviors, including those associated with 
mating, foraging, recruitment, and 

alarm (1). 

Responses to these chemical signals and 
cues are in danger of global disruption by 
the effect of rising atmospheric CO, levels 
on aquatic pH. At current rates, ocean pH 
will drop from the current and historic 
DH of 8.15 to 8.25 to about 7.8 or below by 
2100 (2). Quite apart from effects on calci- 
fication, reduced pH has the capability to 
affect both the signaling (semiochemical) 
molecules themselves and their interaction 
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with chemosensory receptor proteins. The 
interaction of semiochemical ligands with 
chemosensory receptors changes with pH, 
through the number, type, and alignment 
of intermolecular forces (e.g., hydrogen 
bonding, electrostatic potential, and 
hydrophilic/hydrophobic regions) on both 
ligand and chemosensory receptor (3, 4). 
Examples of the pH-affected semiochemi- 
cals are pheromones and cues, including 
peptides, nucleosides, thiols, and organic 
acids in nereid polychaete worms, Aplysia 
sea hares, crustaceans, and fish (3). 

The current rate of oceanic pH decline 
is occurring faster than chemosensory 
systems can evolve; today’s systems have 
evolved over 50 million years under 
relatively constant pH (2). Every marine 
species, at every trophic level, is poten- 
tially affected by disruption of chemical 
cues and signals, including responses to 
predator odors [e.g., (5)], sexual reproduc- 
tion, sperm attraction, fertilization, social 
interactions, feeding, and larval settlement 
(1). Studies into not only the effects of dis- 
ruption but also the mechanisms of action 
and resulting predictive ecological models 
are urgently needed. We risk widespread 
ecosystem damage by this additional 
silent danger from rising anthropogenic 
CO, levels. 
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TECHNICAL COMMENT 
ABSTRACTS 


Comment on “Oxytocin-mediated 
GABA inhibition during delivery 
attenuates autism pathogenesis in 
rodent offspring” 

Victorio Bambini-Junior, Gustavo Della Flora 
Nunes, Tomasz Schneider, Carmem Gottfried 


a Tyzio et al. (Reports, 7 February 

2014, p. 675) reported that bumetanide 
restored the impaired oxytocin-mediated 
y-aminobutyric acid (GABA) excitatory- 
inhibitory shift during delivery in animal 
models of autism, ameliorating some 
autistic-like characteristics in the off- 
spring. However, standard practices in the 
study of these models, such as the use of 
sex-dimorphic or males-only analyses and 
implementation of tests measuring social 
behavior, are lacking to definitely associate 
their findings to autism. 

Full text at http://dx.doi.org/10.1126/ 
science.1255679 


Response to Comment on “Oxytocin- 
mediated GABA inhibition during 
delivery attenuates autism 
pathogenesis in rodent offspring” 
Sanaz Eftekhari, Amene Shahrokhi, Vera 
Tsintsadze, Romain Nardou, Corinne 
Brouchoud, Magali Conesa, Nail Burnashev, 
Diana C. Ferrari, Yehezkel Ben-Ari 


Bambini-Junior et al. questioned 
whether our treatment in two rodent 
models of autism has a long-lasting effect 
into adulthood. In response, we show that 
bumetanide treatment around delivery 
attenuates autistic behavioral features in 
adult offspring. Therefore, the polarity of 
y-aminobutyric acid (GABA) actions during 
delivery exerts long-lasting priming actions 
after birth. 

Full text at http://dx.doi.org/10.1126/ 
science.1256009 
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RESEARCH 


TECHNICAL COMMENT 


DEVELOPMENTAL NEUROLOGY 


Comment on “Oxytocin-mediated GABA 
inhibition during delivery attenuates 
autism pathogenesis in rodent offspring” 


Victorio Bambini-Junior,”** Gustavo Della Flora Nunes,”” Tomasz Schneider,® Carmem Gottfried” 


Tyzio et al. (Reports, 7 February 2014, p. 675) reported that bumetanide restored the 
impaired oxytocin-mediated y-aminobutyric acid (GABA) excitatory-inhibitory shift during 
delivery in animal models of autism, ameliorating some autistic-like characteristics in the 
offspring. However, standard practices in the study of these models, such as the use of 
sex-dimorphic or males-only analyses and implementation of tests measuring social 
behavior, are lacking to definitely associate their findings to autism. 


utism spectrum disorders (ASD) are a group 

of neurodevelopmental disabilities charac- 

terized by sociability impairments, commu- 

nication deficits, and stereotyped behavioral 

patterns (1). The etiology of autism is still 
not known, and current treatment options pro- 
vide only a mild relief to some aspects of this 
condition. Nevertheless, there is mounting evi- 
dence that an excitation/inhibition imbalance 
plays a crucial role in the pathology of ASD (2). 
Tyzio et al. (3) recently reported that bumetanide 
maternal pretreatment was able to restore phys- 
iological levels of intracellular chloride in CA3 
hippocampal neurons in two different animal 
models of autism: rats prenatally exposed to val- 
proate (VPA) and Fmri knock-out mice (FRX). As 
a consequence, excitatory actions of y-aminobutyric 
acid-mediated (GABAergic) signaling were re- 
duced and electroencephalographic patterns 
were normalized. In addition, bumetanide treat- 
ment of pregnant females reversed aberrant 
maternal-separation-induced ultrasonic vocal- 
ization in the offspring. The authors also stressed 
the importance of oxytocin in the developmental 
GABA switch from excitatory to inhibitory, be- 
cause prenatal treatment with the oxytocin re- 
ceptor antagonist SSR126768A in naive animals 
triggered alterations similar to those observed 
in VPA rats and FRX mice. The use of both genetic 
and drug-induced autism models strengthen their 
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discovery, which is also supported by their pre- 
vious finding of bumetanide efficacy in a clinical 
trial in children with autism (4). However, we 
strongly feel that some technical issues of their 
work remained unaddressed and that the final 
conclusions of this work would be greatly im- 
proved by resolving those issues. 

One of the most relevant features of autism is 
the difficulty to establish and maintain reciprocal 
social interactions with peers. These disabilities 
in social skills are mimicked in both VPA rats (5) 
and FRX mice (6) and can be detected by be- 
havioral testing. Tyzio et al. did not evaluate 
social parameters in the rodents used in their 
work. We understand that, in principle, impaired 
ultrasonic vocalizations (USV) can lead to socia- 
bility deficits, but this has not been proved yet, 
and changes in USV in pups may be modulated 
by several factors not related to social domain— 
for example, temperature, sensitivity to pain, or 
general distress (7). Because social behavior re- 
quires the integration of a wide variety of neural 
circuits related to diverse aspects of sensory and 
cognitive functions (8), they have to be studied in 
much more elaborate ways—for example, using 
reciprocal social interaction or social preference 
tests, possibly in combination with USV record- 
ing. We believe that analyses of social behavior 
and USV emitted during social tasks are nec- 
essary to improve the quality and confidence of 
their data. 

It is also important to verify whether the ef- 
fects of bumetanide and SSR126768A persist over 
time. To clarify whether those are temporary or 
long-lasting modifications, the authors should 
extend the evaluation of the behavioral and electro- 
physiological phenotypes into different develop- 
mental stages, including adulthood and, possibly, 


the end of the first postnatal week as a rough equiv- 
alent of birth-stage development in humans (9). 

Another factor that needs to be taken into con- 
sideration to fully understand the relevance of 
Tyzio et al.’s results for autism is the use of both 
male and female rodents in all experiments. The 
higher prevalence of ASD in males is very well 
established, and some animal models of autism 
also show this male bias. The VPA animal model 
of autism has demonstrated solid evidence of sex- 
specific behavioral and morphological outcomes. 
The VPA rats were extensively analyzed, and most 
of the autistic-like features, including sociability 
deficits, were not detected in females (10, 17). In 
fact, VPA female rats are sometimes used in com- 
parison to males to determine gender-specific al- 
terations, which are likely to be more relevant to 
autism pathophysiology (11, 12). In addition, there 
is no complete characterization of autistic-like fea- 
tures in female FRX mice, because the vast majority 
of researchers use only males in their experiments 
(13-15). Thus, the authors should consider sex, 
including in embryos, as a factor in their data 
analysis, and therefore increase the number of 
animals per sex per group. Without taking this 
into account, the results are affected by the pos- 
sibility of misbalanced numbers of males and 
females per group. 

The concepts analyzed by Tyzio et al. have an 
enormous potential to help the development of 
future studies and can represent a turning point 
in the research of the etiology of ASD. However, 
giving the topic’s prominence and impact, we be- 
lieve that our suggestions are important to clarify 
key aspects discussed by them. It is still premature 
to think of bumetanide as a prenatal intervention 
for ASD, but it can be regarded as a meaningful 
research tool of the molecular underpinnings of 
this condition. 
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Rovots 


By Richard Stone and Marc Lavine 


utonomous machines have gripped our imagination 
ever since the first robot flickered on the silver 
screen, Maria (left) in the 1927 film Metropolis. Most 
of the robots we know today—unglamorous devices 
like robotic welders on car assembly lines and the 
Roomba vacuum cleaner—fall short of those in 
science fiction. But our relationship with robots is 
about to become far more intimate. Would you be 
comfortable with a robot butler, or a self-driving 
car? How about a robo-scientist toiling away next to you at the 
bench, not only pipetting but also formulating hypotheses and 
designing experiments? 

As robots become more sophisticated, psychological paradoxes 
are coming into sharper relief. Robots that look human strike 
many of us as downright creepy (as this week’s cover attests), 
while robots that act human—when they are programmed, for 
example, to cheat at cards—somehow put us at ease. And no 
matter how uncannily lifelike some of today’s robots may seem, 
the resemblance is skin-deep. A stubborn challenge has been 
endowing robots with not only the capability to sense their 
environment, but also the wits to make sense of it. Robots will 
get there eventually, and when that happens we'll be confronted 
with a new array of ethical and moral questions. Questions 
like: Should robots be accorded rights as sentient beings? The 
rise of the machines will be anything but predictable. 
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SPECIAL SECTION 


ROBOTS 


Meet your new co-worker 


At the vanguard of human-robot interactions is Baxter, 
a bot quick on the uptake that even knows how to cheat 


By John Bohannon, in Boston 
66 e are pleased to confirm 
receipt of your order for 
fifteen thousand robots,” 
says the industrialist Harry 
Domin in the opening scene 
of R.U.R., a 1920 play writ- 
ten by Karel Capek. Capek coined the word 
“robot” from robota, which in Czech means 
forced labor or drudgery. He imagined a fu- 
ture in which the global economy runs on 
humanoid automatons. Things get stirred 
up when an activist named Helena appears 
at Domin’s company, demanding equal 
rights for robots. He dismisses her concerns. 
Once in a while a robot working on an as- 
sembly line goes crazy, “smashing up all 
the moulds and models,” admits one of the 
company’s human employees, but Domin 
assures Helena that the robots are soulless 
and have no desire for rights or freedoms. 

Nearly a century later, at least some of 
Capek’s vision is starting to come true. Ma- 
chines are now capable 
of carrying out certain 
tasks on an assembly 
line—such as welding 
car frames or spray- 
painting parts—far 
more efficiently than 
humans. And they are 
now developing some 
of the dexterity and 
awareness needed to 
serve as pets and help- 
ers in homes, as care- 
givers in hospitals, and 
as co-workers in facto- 
ries (see p. 188). But for 
people to truly embrace 
bots in their daily lives, 
the machines will need 
social smarts. “These 
are exciting times for human-robot inter- 
action,” says Brian Scassellati, a roboticist at 
Yale University. 

Like many others in his field, Scassellati 
has adopted a robot, called Baxter by its 
manufacturer, as his research subject. The 
company behind Baxter, Rethink Robotics, 
is selling it to manufacturing companies. 
The hope is that assembly lines are poised 
for disruption by a versatile robot that can 
take over repetitive, mind-numbing tasks. 
In the meantime, Baxter is serving as a test 
subject for robot psychology. In the past, ex- 
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Baxter has a variety of “hands” adapted to 
specific tasks. 


periments in human-robot interaction were 
limited to custom-built bots that required 
careful supervision to avoid harming hu- 
man or robot. Baxter was built to interact 
safely with humans. “I can even let my high 
school interns work with it unsupervised,” 
Scassellati says. And crucially, Baxter, by de- 
sign, learns from people. 


WHEN I ASK CHRIS HARBERT if I can 
play with one of the $25,000 humanoids in 
the Rethink Robotics offices here, he doesn’t 
flinch. “Go for it,” he says, taking a step back 
from Baxter. The big cartoon eyes on the ro- 
bot’s face—a computer screen mounted on 
a swivel neck—stare down at an unmoving 
conveyor belt cluttered with objects. Its hulk- 
ing red arms hang open in a shrug, as if to 
say, “I’m ready for whatever.” 

Nearby is a box of white plastic widgets 
that look like giant nipples. The goal, I de- 
cide, is for Baxter to pick them up and place 
them on the conveyor 
belt. Baxter learns by 
example, so I grab one 
of the robot’s arms and 
pull it into position 
over one of the widgets. 
The plastic-cased steel 
limb is as thick as a 
human leg, but moving 
it requires surprisingly 
little strength. The ro- 
bot is paying attention: 
Its head turns, and its 
cartoon eyes track my 
hand. I lower Baxter’s 
hand into position and 
press a button on the 
arm, making it seize the 
widget with its pincer 
grabber, which is remi- 
niscent of the robot from the 1960s TV show 
Lost in Space. 

With a gentle tug, I guide the arm to the 
far side of the conveyor belt, lower the hand, 
press the button again, and Baxter drops the 
widget. Scaling up this task takes me a few 
more steps, with minimal guidance from 
Harbert. Holding Baxter’s hand, I trace an 
imaginary square over the widgets and then 
over the destination, defining the pickup 
and drop-off areas. And then, with an actual 
nod of its computer-screen head, Baxter gets 
to work, mimicking my movements and— 
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except for one dropped nipple—efficiently 
transferring them from box to conveyor belt. 

As I will soon hear from Rodney Brooks, 
the legendary roboticist who founded the 
company, getting a robot even to this level of 
success on tasks like these normally takes an 
engineer weeks or even months of work. I did 
it in 5 minutes without an engineering de- 
gree. If I can teach Baxter, surely the average 
factory manager can, too. But would the av- 
erage factory employee be comfortable with 
a robot co-worker? 


MAKING A ROBOT that collaborates with 
people is at least as much about human 
psychology as it is about robot engineering. 

Just the appearance of a robot can be a 
barrier—especially if it falls within the un- 
canny valley, a term introduced by Japanese 
roboticist Masahiro Mori in 1970. A zone of 
discomfort lies somewhere between robots 
that are obviously nonhuman—something 
cute like the late 1990s toy Furby—and ro- 
bots like the replicants from the 1982 film 
Blade Runner, so humanlike that you can’t 
perceive the difference. Robots that look al- 
most-but-not-quite human creep us out, and 
no one knows why. According to one theory, 
they are similar to corpses. 

A machine’s movements are another bar- 
rier. The challenge is to create robots that 
are less robotic, says Guy Hoffman, a roboti- 
cist at the Interdisciplinary Center Herzliya 
in Israel. Just like the “user interface” that 
enabled the personal computer revolution, 
a movement-based “robot user interface” 
is needed, he says. In some circumscribed 
domains, progress has been impressive. For 
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example, Hoffman created the world’s first 
robot that can play improvisational jazz in 
an ensemble with humans. But to live and 
work side by side with humans, he says, a 
robot must understand your intentions and 
act appropriately, “looking you in the eyes, 
touching your shoulder, coming closer or 
shying away.” 

Baxter has none of those social graces. 
But the scientists using the robot in their 
labs are trying to create a road map to get 
there. Scassellati is working with a simple 
system. Baxter has only six facial expres- 
sions, ranging from sleepy and content to 
confused and surprised, each of which sig- 
nals a different internal state. “The impor- 
tant thing is that you should be able to work 
with Baxter with as little special training as 
possible,’ says Miri Bauman, the designer of 
Baxter’s user interface. 

One ongoing experiment has gener- 
ated surprising results. “We’ve been hav- 
ing Baxter play checkers with humans,” 
Scassellati says. At a certain point in the 
game, Baxter cheats. The social dynamics 
change abruptly. “People interact with the 
robot like a person,” he says. Without real- 
izing that they’re doing it, the subjects start 
talking to the robot, making eye contact, 
and maintaining human-appropriate social 
distance. “It’s a powerful effect,” he says. “If 
you want people to treat a robot like a per- 
son, have the robot cheat.” Roboticists hope 
that more sociable tricks like joking and sar- 
casm will achieve the same effect. 

With some human subjects, no sub- 
terfuge is necessary to elicit profound effects. 
For example, Scassellati has been working 
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with a 12-year-old boy with autism spectrum 
disorder. “He is high-function, but if you 
met him on the street, you’d immediately 
recognize him as autistic,” he says. The boy 
avoids eye contact, has difficulty commu- 
nicating, and makes repetitive movements. 
“But we put him in a room with the robot 
and he changes.” The boy gazes right into 
Baxter’s eyes, using his gaze to signal what 
he’s thinking. “We take the robot away and 
the effect lasts maybe 15 minutes and it’s 
gone,” Scassellati says. “We don’t under- 
stand what’s going on, but dozens of labs 
have replicated this effect.” 

Scassellati is also using Baxter to study 
the other side of the equation: getting ro- 
bots to read our minds. In one experiment, 
Baxter works with people at a tabletop to 
assemble Ikea furniture. The robot knows 
the blueprint, but it also must anticipate 
what the human will do next. Fellow hu- 
mans find it effortless to guess why you’re 
looking for all the pieces of a particular 
shape, but that represents a steep chal- 
lenge for Baxter. It requires what psycholo- 
gists call the theory of mind, which has yet 
to be captured in computer code. “This is 
the frontier of human-robot interaction,” 
Scassellati says. At this point, humans are 
better off muddling through Ikea furniture 
assembly on their own. 


“I TAUGHT BAXTER a task,” I tell Brooks. 
“He’s impressive.” 

“Tt’s an it. Or if anything, a she,” Brooks 
says in his broad Australian accent. The orig- 
inal meaning of the word “baxter” is a female 
baker, he explains. “But everyone makes 
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Humans can infer Baxter's intentions from “emotions” 
expressed on the bot’s flat panel display “face.” 


this mistake.” The misattribution isn’t bad 
news—it indicates that Baxter’s “robot user 
interface” is working—but Brooks worries 
that “robots shouldn’t make promises they 
can’t keep.” Baxter isn’t designed to have 
much of a personality, let alone a gender. 

There is one promise that Baxter is pro- 
grammed to keep, at all costs: It will do its ut- 
most not to hurt you. (Unlike Capek’s robots, 
which rise up and exterminate humanity.) 
“Robots are extremely dangerous,” explains 
Brooks, whose lab at the Massachusetts In- 
stitute of Technology in nearby Cambridge 
has churned out a large proportion of today’s 
leading roboticists, including Scassellati. The 
industrial robots on assembly lines today 
simply aren’t safe to be around. “The robots 
work in their own room, people work in 
another, and the two don’t mix,” he says. 
“Baxter is meant to bridge that gap.” 

Brooks’s team has built several layers of 
safety into Baxter. It constantly searches for 
the presence of humans with a 360° sonar 
system, halting if anything gets too close. If 
a human insists on getting in the way of the 
arms, Baxter’s plastic armor and control 
system—the key is a special spring called a 
series elastic actuator—soften the blow. 
“When I’m giving demonstrations I like to 
stick my head in the way to show that it 
doesn’t hurt,” Brooks says. He knows that 
if Baxter were to cause a single serious in- 
jury, its days would be numbered. 

And what about harming livelihoods? 
“Tt’s not about taking people’s jobs,” Brooks 
says before I even ask the question. Rather 
than replacing workers, he says, Baxter 
will free people to do higher level tasks. 
“Robots have a long way to go before they 
can completely replace someone working 
in a factory.” For a start, he says, robots 
lack “dexterous manipulation.” To demon- 
strate, Brooks stands up and pulls his keys 
out of his pocket. “What I just did is nearly 
impossible for a robot,’ he says. Another 
impediment is robot vision (see p. 186). 
“And then there’s the problem of mobil- 
ity,” Brooks says. “Stairs are a nightmare 
for robots.” 

After chatting with Brooks, I walk 
down the hall to see how Baxter is do- 
ing. At the end of my robot tutorial, I’d 
asked Harbert to instruct Baxter to do 
something that would drive a human in- 
sane: After placing the widgets on the 
conveyor belt, put them back in the box, 
and repeat that in an infinite loop. I find 
Baxter toiling away, unsupervised, deli- 
cately moving widgets onto the belt, one 
at a time, and then putting them back. 
Like Sisyphus, but without the suffering. m 
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Minds of their own 


Novel neuromorphic chips and software should 
provide robots with unrivaled perceptual skills 


By Robert F. Service, in San Diego, California 


ike a miniature Segway with eyes, a 
robot built from 3D printed plastic 
does laps around a cubicle here at 
Brain Corporation, having learned in 
a matter of minutes to avoid bumping 
into walls as it roams. As eyeRover 
scoots away, Peter O’Connor, a staff scien- 
tist at the robotics software company, steps 
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into its route. Using a remote control unit, 
he briefly takes control of the foot-tall ro- 
bot and steers it around his feet, much as a 
parent might help a toddler learn to avoid 
a coffee table. On the next lap, eyeRover 
whisks around the obstacle all by itself. 
EyeRover may look like a toy, but it’s 
packed with some of the most advanced 
robotic technology ever devised, including 
a prototype computing platform designed 
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EyeRover negotiates 
obstacles, guided by software 
that emulates the brain. 


to emulate the human brain. Unlike con- 
ventional computer chips and software, 
which execute a linear sequence of tasks, 
this new approach—called neuromorphic 
computing—carries out processing and 
memory tasks simultaneously, just as our 
brains do for complex tasks such as vision 
and hearing. 

Many researchers believe that neuro- 
morphic computing is at the threshold 
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of endowing robots with perceptual skills 
they’ve never had before, giving them an 
unprecedented level of autonomy. It “has 
the potential to be a real revolution” in ro- 
botics, says Michele Rucci, a robotics vision 
expert at Boston University. At the same 
time, robots could provide the perfect dem- 
onstration of the power of neuromorphic 
computing, helping persuade scientists in 
fields ranging from computer vision to en- 
vironmental data analysis to embrace the 
approach. “We think robotics is the killer 
app for neuromorphic computing,’ says 
Todd Hylton, Brain Corporation’s senior 
vice president for strategy. 


IF YOUR EYES ROLL at yet another claim 
that we are on the cusp of a golden age 
of robotics, you’re forgiven. The dream of 
autonomous robots predates even the 
dawn of computing. But it has never 
been realized because of the difficulty 
of programming robots to learn and 
adapt. Decades of work in artificial in- 
telligence, computer architectures, and 
Bayesian statistics—a technique for 
weighing the likelihood of different out- 
comes to unfolding events—have failed to 
produce robots capable of managing more 
than a handful of mundane tasks in every- 
day environments. 

Building robots that can make sense of 
their surroundings is “a particularly tough 
computational problem,” Hylton says. Take 
vision, the primary way most of us analyze 
our environment. “Robotic vision is far be- 
hind what we promised 20 to 30 years ago,” 
Rucci says. 

Teams have come up with various strate- 
gies for enabling robots to process and re- 
act to what they see (see p. 186). Rucci, for 
one, has given robots the same type of tiny, 
involuntary eye movements that humans 
perform; by providing our brains with con- 
stantly shifting images, they help us judge 
depth and track objects. Still, Rucci’s best 
flitting-eye bots are hampered by their 
brains, which process information 10 times 
slower than we do. 

The human eye works so well, in part, 
because of the sheer complexity of the com- 
puter inside our skulls. Our brains contain 
an estimated 100 billion neurons connected 
by 100 trillion synapses, and they can dis- 
tribute different perceptual tasks to differ- 
ent groups of neurons and different brain 
regions, explains Brain Corporation CEO 
Eugene Izhikevich. In vision, for example, 
separate groups of neurons respond to ver- 
tical and horizontal features and pass those 
signals up the chain to other neurons that 
integrate the signals. 

Brain Corporation’s neuromorphic soft- 
ware, called BrainOS, mimics that approach. 
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Like our brains, the operating system seg- 
regates visual functions into different net- 
works, analogous to the retina, the brain’s 
lateral geniculate nucleus (a relay station 
for visual signals), and the layers of the vi- 
sual cortex. Integrating the output of these 
networks results in a robotic visual system 
able to focus automatically on salient fea- 
tures that stand out from background, such 
as a brightly colored ball rolling across a 
gray carpet or the shoes of a person cross- 
ing a robot’s path. 

Another innovation of BrainOS is that it 
doesn’t require a supercomputer to run. A 
previous neuromorphic software program, 
developed by IBM in 2012, did run on a 
supercomputer, using it to mimic the fir- 
ing patterns of an animal brain containing 
500 billion neurons and 100 trillion syn- 


“We think robotics is the killer app 


for neuromorphic computing.” 
Todd Hylton, Brain Corporation 


apses. But even with an array of 1.5 mil- 
lion computer chips, the program couldn’t 
produce those firing patterns in anywhere 
close to real time. 

BrainOS, on the other hand, is integrated 
into a coaster-sized computer circuit board 
called bStem (short for “brainstem”) 
that’s powered by a Snapdragon mobile 
phone processor from Qualcomm. Un- 
like conventional computer chips, mobile 
phone chips minimize power use by dis- 
tributing tasks, such as memory, graphics 
processing, and communication, to spe- 
cialized sub-processors. That “distributed” 
architecture dovetails well with the neuro- 
morphic approach. 

A truly neuromorphic architecture, with 
memory and processing elements distrib- 
uted throughout the chip, may be com- 
ing soon. Qualcomm researchers who sit 
just upstairs from Brain Corporation have 
built a neuromorphic chip they call their 
Zeroth processor—named after science 
fiction writer Isaac Asimov’s Zeroth Law 
of Robotics, which states that robots are 
not allowed to harm humans. M. Anthony 
Lewis, who heads neuromorphic comput- 
ing efforts at Qualcomm, says the company 
is nearing commercialization of the proces- 
sor, which they plan to integrate into their 
mobile chips to improve handheld devices’ 
audio and visual processing skills. 

Qualcomm has plenty of competition. 
Just up Interstate 5, researchers at HRL 
Laboratories LLC in Malibu are working 
on their own neuromorphic chip, which 
they’ve recently shown can process visual 
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data fast enough to pilot a palm-sized 
helicopter inside an office building and 
recognize and explore rooms it has never 
seen before. And in August, a team led by 
researchers at IBM’s Almaden Research 
Center in San Jose reported a titanic neu- 
romorphic chip, dubbed TrueNorth, that 
contains 5.4 billion transistors wired to 
behave like 1 million neurons connected 
by 256 million synapses (Science, 8 August, 
p. 614). 

These neuromorphic chips are in- 
spired not only by the architecture of the 
brain but also by its energy efficiency— 
the brain, which bests supercomputers 
on many tasks, uses roughly 20 watts of 
power. Whereas conventional computer 
circuits regularly bleed electricity even 
when they’re not sending a signal, neuro- 
morphic circuits use power only when 
active. And by distributing memory 
and processing modules throughout 
the chip, they minimize the power 
required to send data back and forth 
during computations. TrueNorth, for 
example, uses only 1/1000 the energy 
of a conventional chip to carry out the 
equivalent visual perception tasks. 

Which real-world applications for neu- 
romorphic robots will emerge first? Last 
fall, Qualcomm engineers demonstrated 
that a meter-high neuromorphic robot 
called Dragon could adeptly clean up scat- 
tered toys, sorting blocks into one bin and 
stuffed animals into another. For his part, 
Izhikevich believes that neuromorphic 
hardware and software will at long last 
give robots enough perceptual skills to be 
valuable home companions: able to take 
out the trash, clean the house, and pick 
vegetables from a garden. Neuromorph- 
ically heightened perception, adds IBM’s 
neuromorphic team leader Dharmendra 
Modha, will give robots the wherewithal to 
navigate hazardous environments, such as 
a damaged nuclear reactor, without guid- 
ance from a human operator, beaming back 
data on radiation and other conditions in 
real time. 

The energy efficiency of neuromorphic 
computing could open the way to new func- 
tions, Lewis says. Efficient chips can run 
complex—and normally power-hungry— 
algorithms that enable robots to learn. The 
Internet, in turn, will allow far-flung robots 
to share those lessons and skills. A robot 
that learns how to pick a strawberry with- 
out crushing it, for instance, could uplink 
that skill for the benefit of its kind around 
the globe. That means neuromorphic com- 
puting could offer robots something far 
more profound than enhanced perceptual 
skills. When humans collectively pass along 
life lessons, we call that culture. m 
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Touch 


In 2003, a stroke left Henry Evans mute and quadriple- 


gic. Last year, Georgia Institute of Technology research- 
er Charlie Kemp developed a robotic arm that Evans 
directs by moving his head. It uses tactile “skin” to feel 
its way without damaging the environment. Software 
tunes the robot's sense of touch, allowing it to gently 


make contact with an object and intelligently maneuver 
within clutter. Kemp says that giving robots the 
sensation of touch “humanizes” them. 


Smell 


As we breathe, molecules of all sorts are drawn 
into the nasal passage, tickling receptors in our 
mucous membrane that match an odor to a 
learned scent. A Swedish creation called the 
Gasbot has the robot version of a nose, though it 
knows just one smell. Equipped with a laser beam 
tuned to the wavelength of light commonly 
absorbed by methane, Gasbot can detect gas leaks 
at concentrations as low as 5 parts per million. 


Taste 


Alcohol doesn't give robots a thrill, but one in 
Spain has an electronic tongue that differentiates 
between six types of beer. A Japanese team has 
built a bot capable of distinguishing wines by 
bathing them in infrared light and analyzing the 
absorption patterns. The same robot also 
“tasted” human body odor and pronounced it to 
be closest to bacon. 


GETTING A FEEL — 
FOR THE WORLD 


To be fully autonomous, robots must be able to make sense of their 
surroundings. Forget joie-de-vivre sensations like Robert Browning's “yellow 
half-moon large and low” over a “warm sea-scented beach.” Designing 
mundane, practical sensors for robots has proven to be a formidable challenge. 


Design by Garvin G. Grullén; reporting by Hassan DuRant and Jia You 
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Sight 


Roboticists once thought that of all the senses, sight 
would be the easiest to recreate. How wrong they were. 
Image acquisition is not the issue: Robots can “see” with 
far more acuity than the 20/20 standard by which we 
measure our fluid-filled eyeballs. The challenge is getting 
machines to make sense of what they are seeing. Two 
new powerful approaches—deep learning (p. 186) and 
neuromorphic computing, which emulates the human 
brain (p. 182)—could finally equip robots with the 
processing firepower to size things up. 


Hearing 


Imagine yourself at a noisy cocktail party, trying 
to tune in to the guy in the corner inveighing 
against an inevitable robot uprising. That's a 
cinch for our brains, which are wired to filter 
signal from noise. Japanese roboticists have hit 
upon a sound localization algorithm that 
disentangles up to four simultaneous sound 
sources. Our ears also filter out many sounds 
inside the body, such as breathing and heartbeat. 
Robot ears have to contend with the whine and 
whir of machinery. 


Balance 


Humans effortlessly stay upright with continual, 
minute adjustments of our bodies. Researchers in 
Massachusetts have endowed Atlas, a humanoid 
robot, with a similar dynamic sense of balance. 
Moving its body with high-powered hydraulics, 
the robot can walk across unsteady debris and 
stay balanced on one leg when whacked with a 
9-kilogram wrecking ball. But Atlas is still prone to 
falling, breaking its right ankle during a 2013 
walking demonstration in Hong Kong. 
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Helping robots see the big picture 


A computational approach called deep learning has transformed machine vision 


By John Bohannon, 
in San Francisco, California 


f you want to see the state of the art in 

machine vision, says artificial intelli- 

gence researcher D. Scott Phoenix, “you 

should watch the YouTube video of the 

robot making a sandwich.” The robot in 

question is a boxy humanoid called PR2. 
It was built less than an hour away at Willow 
Garage in Menlo Park, California, one of the 
most influential robotics companies in the 
world. But Phoenix is being ironic. When 
PR2 finally manages to pick up a piece of 
bread, it drops the slice on the toaster; the 
bread caroms off, and a human rushes in to 
help. After stabbing a slice of salami with a 
fork, PR2 holds it in the air for what seems 
like an eternity. The sandwich does eventu- 
ally get assembled, but it happens so slowly 
that the video is sped up 10-fold to make it 
watchable. And that was in an experimen- 
tal kitchen in which “everything is carefully 
laid out,” Phoenix says. ““There’s exactly one 
plate. Exactly one knife.” 


venture out “in the wild,” as roboticists call 
the everyday human environment beyond 
the lab, machines flounder. 

Two years ago, a powerful new computa- 
tional technique, called deep learning, took 
the field of machine vision by storm. Inspired 
by how the brain processes visual informa- 
tion, a computer first learns the difference be- 
tween everyday objects by creating a recipe of 
visual features for each. Those visual recipes 
are now incorporated into smart phone apps, 
stationary computers, and robots including 
PR2, giving them the capability to recognize 
what is in their environment. But roboticists 
worry that deep learning can’t give machines 
the other visual abilities needed to make 
sense of the world—they need to understand 
the 3D nature of the objects, and learn new 
ones quickly on the fly—and researchers are 
already looking beyond deep learning for the 
next big advance. 


PHOENIX CO-FOUNDED A STARTUP here 
called Vicarious, one of the myriad trying to 
capture human sight in code. Their optimism 


Looking beyond deep learning 


A technique developed in the lab of Shimon Ullman uses a feedback system inspired by the 
brain's visual system to identify a horse in an image and locate it—missing only part of the tail. 


Robots are clumsy because they struggle 
to make sense of all the data coming in from 
their cameras. “Vision is the biggest chal- 
lenge,” Phoenix says. Depending on their 
angle of view, objects can appear to have 
millions of different shapes. Change the 
lighting and each of those millions multi- 
plies again—and this is the simplest case. A 
cluttered scene with overlapping objects is 
a nightmare. Although machines easily sur- 
pass human ability for certain constrained 
visual tasks, such as identifying a face among 
thousands of passport photos, as soon as they 
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is surging. Over the past 2 years, deep learn- 
ing has propelled machine vision by leaps 
and bounds. Where computers once strug- 
gled to detect the presence of something like 
a dog in a photo, with the help of deep learn- 
ing they can now not only recognize a dog 
but even discern its breed. 

“The theoretical side of deep learning 
was actually worked out decades ago,” says 
Yann LeCun, a machine vision researcher at 
New York University in New York City who 
was one of its pioneers. He traces back its 
inspiration to the research of David Hubel 
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and Torsten Wiesel, who shared a Nobel 
Prize in 1981 for research on biological vi- 
sion. Working mostly with anesthetized cats 
in the 1960s and 1970s, Hubel and Wiesel 
discovered a hierarchical system of neurons 
in the brain that creates representations of 
images, starting with simple elements like 
edges and building up to complex features 
such as individual human faces. Computer 
scientists set about trying to capture the 
essence of this biological system. After all, 
LeCun says, “the brain was the only fully 
functioning vision system known.” 

The deep learning architecture that 
emerged is called a deep convolutional neu- 
ral network. Information flows between 
virtual neurons in a network. And like the 
real neurons in the brain’s visual system, 
they are arranged in hierarchical layers that 
detect ever more complex features based on 
information from the previous layer. For ex- 
ample, the network would first break down 
a photo of a dog into edges between dark 
and light areas and then pass that informa- 
tion to the next layer for processing. By the 
time the last layer is reached, the system can 
apply a mathematical function to answer 
the question: Is this a dog or not a dog? 

The problem was getting the dog- 
detecting function. “We just did not have 
the computers that we needed,” LeCun says, 
nor the data. A network needed to process 
millions of labeled images of a dog to learn 
what a generic dog looks like, and in the 
1980s even supercomputers did not have 
the speed or memory to handle this train- 
ing. So researchers turned away from deep 
learning. Machine vision improved only 
incrementally—until 2012. 

That year, a team led by computer scientist 
Geoffrey Hinton of the University of Toronto 
in Canada entered the ImageNet Challenge, 
an annual event in which competing com- 
puter programs must identify which objects 
—people, animals, vehicles—are present in 
thousands of photographs. Hinton’s team 
used a deep convolutional neural network, 
trained on massive sets of labeled images. 
Unlike the computers of the 1980s, today’s 
cheap computers have more than enough 
speed and memory for the calculations. Their 
system blew the competition out of the water. 

“That changed everything,’ LeCun says. 
“The accuracy was so good that everyone in 
machine vision dropped what they were do- 
ing and switched to deep learning.” Since 
then, billions of dollars have flooded into 
deep learning research. Hinton now devel- 
ops deep learning applications at Google, 
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The PR2 deftly navigates hallways, but 
it struggles with sandwich-making and 
other complex tasks. 
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which is hoping to use the technique to 
create cars that can drive themselves. And 
at Facebook, where LeCun now heads the 
company’s artificial intelligence efforts, a 
project called DeepFace aims to automati- 
cally identify any face in any photograph. 
(Whether the face’s owner consents to be- 
ing identified is another question.) 

But amid the deep learning gold rush, 
some researchers are skeptical about the 
technique’s prospects. Take PR2’s_ epic 
struggle to make a sandwich. Deep learn- 
ing enables the robot to recognize the ob- 
jects around it—bread, salami, toaster—but 
it also needs to know exactly where those 
objects are in relation to its moving hand. 
Predicting where the bread will go when 
it drops requires physics. And what if the 
toaster is unplugged? The robot wouldn’t 
have a clue why the bread wasn’t toasting. 
“We have a long way to go before machines 
can see as well as humans,’ says Tomaso 
Poggio, who studies both machine and bio- 
logical vision at the Massachusetts Institute 
of Technology in Cambridge. 

The U.S. National Science Foundation 
(NSF) agrees. Poggio now heads an NSF- 
funded initiative called the Center for Brains, 
Minds and Machines. Most of the center’s 
research is focused on understanding how 
human vision works and emulating it with 
computers. For example, Poggio says, “I can 
show a child a couple of examples of some- 
thing and he will identify it again easily with- 
out having to train on millions of images.” 
He calls this trick object invariance—a rep- 
resentation of an object that allows humans 
to identify it in any setting, from any angle, 
in any lighting—and his research focuses on 
capturing it as a computer algorithm. 

Tech companies aren’t waiting on the 
sidelines. Some are exploring new bio- 
logically inspired computer hardware 
(see p. 182). Phoenix and his colleagues 
at Vicarious are focusing on a software 
solution to visual intelligence. Last year, 
they announced that their algorithms 
had surpassed deep learning by cracking 
CAPTCHA, the visual puzzles made up of 
distorted letters that are used on websites 
to confound Web-crawling software. Vicari- 
ous has kept the details under tight wraps, 
but according to the company’s co-founder, 
Dileep George, it is not based on deep learn- 
ing at all. “We are working from how the 
human brain processes visual information.” 

When asked for something more tan- 
gible, George, like all entrepreneurs work- 
ing furiously in secret, demurs. “It will be 
a few years before we pull it together,’ he 
says. And what is the goal? “A robot with the 
visual abilities of a 3-year-old.” That would 
give robots the ability to do far more than 
make a sandwich. 
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By Dennis Normile, in Nara and Osaka, Japan 


he creators of Robovie, a boxy robot 

the size of a child, had a pretty good 

idea what would happen when they 

rolled it out as a conversation part- 

ner for the elderly at a Nara day care 

center in 2009. They expected the hu- 
manoid robot with its buglike eyes and me- 
chanical voice would lift the seniors’ spirits 
with cheery greetings, a sympathetic ear for 
their health woes, and encouraging words 
while they exercised. But a surprise came 
after the 14-week experiment ended: The 
seniors missed Robovie so much that they 
wanted to visit it in the lab. 

The seniors knew they were participating 
in an experiment, but they assumed Robovie 
is autonomous. In fact, a 29-year-old re- 
searcher was at work in a control room, 
steering the wheeled robot through the 
hallways, triggering its hand waves, and 
feeding Robovie its lines. The researchers, 
based at the Advanced Telecommunications 
Research Institute International (ATR) 
in Nara, were not engaging in deception 
for fun. Rather, says Hiroshi Ishiguro, an 
engineer who heads both the ATR team and 
a second robotics group at Osaka University, 
they were studying how humans will interact 
with the sophisticated robots of the future. 

For 2 decades, Ishiguro’s teams have 
deployed various robots—some with vague- 
ly human forms, others crafted to look 
indistinguishable from people—as custo- 
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mers in cafes, clerks in stores, guides in 
malls and museums, teachers in schools, 
and partners in recreational activities. 
The roboticists, who use both autonomous 
robots and ones under human remote 
control, have come to some startling 
conclusions. In some situations, people 
prefer to speak with an android instead of 
another person, and they feel that robots 
should be held accountable for mistakes 
and treated fairly. And as the seniors here 
showed, humans can quickly form deep 
emotional bonds with robots. 

Ishiguro’s approach is “pretty brilliant,” 
says Kate Darling, who studies robot 
ethics at the Massachusetts Institute 
of Technology’s (MIT’s) Media Lab in 
Cambridge. Some find the implications 
of the work worrisome, however. If 
interactions with robots can _ substitute 
for interactions with other humans, says 
Peter Kahn, a psychologist who studies the 
relations between humans and technology 
at the University of Washington, Seattle, 
“we'll dumb ourselves down socially even 
as our technologies advance.” But Ishiguro 
and others believe robots are more likely to 
expand rather than narrow our horizons. 

The debate is no longer academic. Simpler 
robots are creeping into daily life, serving 
as pets, vacuuming houses, and comforting 
dementia patients. A new wave of more 
sophisticated social robots is about to hit 
the mass market. In the coming days, for 
example, semiconductor giant Intel is 
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expected to start selling a $1600 bipedal 
robot kit called Jimmy, for which hobbyists 
can design a body and fabricate it on a 3D 
printer. Intel claims Jimmy will be able to 
fetch a beer from a fridge and play games 
with a kid. 

In February, a child-sized rolling bot 
called Pepper will go on the market in 
Japan. Able to recite stories to children and 
banter with adults, Pepper has microphones 
to track the direction of voices, an infrared 
sensor to measure distances, two cameras 
to recognize faces, touch sensors scattered 
over its body, nimble five-fingered hands, 
and Internet connectivity. And the $2000 
price tag means “this is a robot for you,” 
said Masayoshi Son, CEO of technology 
conglomerate SoftBank in Tokyo, which 
developed Pepper, at its unveiling in June. 
He claimed that Pepper “marks a turning 
point for humankind.” 


LIKE THEIR MAKER, the Geminoid HI ro- 
bots dress in black, wear tinted glasses, and 
are perpetually scowling. The androids bear 
an uncanny resemblance to Ishiguro, who 
has won renown among roboticists for his 
Geminoids. But the robot falls short of fully 
capturing Ishiguro’s stern demeanor, as an 
experiment in Linz, Austria, showed. On 
different days, either Ishiguro or Geminoid 
HI-1 sat at a table in a cafe. Random pass- 
ersby rated the android friendlier than they 
did the real Ishiguro. 

The latest Geminoids have 50 motors 
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Hiroshi Ishiguro’s strikingly humanlike Geminoids 
speak during a press preview at the Miraikan museum 
in Tokyo in June. 


controlling facial expressions; head motions; 
and even subconscious movements like 
breathing, blinking, and shifting position. 
As they cannot walk, they are typically 
seated. And, as I learned when coming 
face to face with a female android, 
Geminoid F, in Ishiguro’s Osaka lab, they 
can, for a brief unsettling moment, be taken 
for human—before their slightly unnatural 
movements and off-the-mark eye contact 
erase any doubts. 

It’s out in the field, however, where 
Geminoids truly are conversation 
starters. In one experiment conducted 
over 2 weeks last fall, Ishiguro’s group 
installed Geminoid F as a sales clerk in 
an Osaka department store. Operating 
autonomously, the android answered 
customer questions and made suggestions 
regarding a selection of $100 cashmere 
sweaters. Geminoid F handled 45 custo- 
mers a day, versus 20 on average for the 
human sales clerks, in part because the 
android never took breaks and 
was a novelty. Some customers 
also sought out the android— 
apparently to avoid a human 
clerk’s subtle pressure’ to 
make a purchase. “With the 
android it was easy to reject 
the [sales] offer,’ Ishiguro 
says. (As a result, Geminoid 
F’s sales success did not match 
that of the store’s best human 
salespeople.) In an upcoming 
trial, the Geminoid F will offer 
to help male customers choose 
gifts for wives and girlfriends. 

Longer encounters can forge 
emotional bonds between hu- 
man and machine. In the ex- 
periment at the elderly care 
center, some participants said it 
was more pleasant to converse 
with Robovie than with relatives. 
One remarked that the robot never talked 
back—unlike her grandchildren. For others, 
Robovie was a welcome substitute for 
grandchildren they rarely saw. “Even when I 
felt sad, I could feel brighter by talking with 
Robovie,’ one senior told the researchers. 
When the trial ended, the seniors held a 
farewell party for Robovie, giving it a card 
with handwritten notes of thanks and best 
wishes for the future. A month later, they 
visited the robot in the ATR labs. 

Ishiguro’s team has noted a similar 
phenomenon in dementia patients. Many 
people with brain impairments find it 
difficult to talk with other people, Ishiguro 
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says, perhaps out of fear of what the healthy 
conversation partner may be thinking. “But 
they love to talk to robots,’ he says, after 
observing dementia patients interact with 
a humanoid robot that his team developed 
called Telenoid, which has a minimalistic 
human form and is held on a lap like a 
small child. 

That’s also the premise of PARO, a 
robotic baby harp seal intended to comfort 
dementia patients. Developed by Takanori 
Shibata of Japan’s National Institute of 
Advanced Industrial Science and Technology 
in Tsukuba, PARO chirps when stroked 
and looks in the direction of a voice. Many 
reports from around the world indicate 
that interacting with it improves dementia 
patients’ mood and social interactions and 
reduces agitated behavior. 

Such emotional ties with robots disturb 
some researchers. PARO and similar robots 
“push our Darwinian buttons, by making eye 
contact, for example, which causes people 
to respond as if they were in a relation- 
ship,’ wrote Sherry Turkle, a sociologist at 
MIT, in a 2007 paper. Turkle, who studied 
PARO’s use in a Boston-area nursing home, 


Dementia patients form emotional bonds with PARO, a robotic baby harp seal. 


wondered whether it is_ ethical to 
encourage relationships based on such a 
“fundamentally deceitful interchange.” 

Still, widespread use of social robots as 
assistants is inevitable in many countries, 
including Japan, where more and more 
elderly will need care while the number of 
young people dwindles, says ATR roboticist 
Takayuki Kanda. Endowing these robot 
caregivers with social skills will improve 
acceptance and effectiveness, he says. 


THE RISE OF SOCIAL ROBOTS raises other 


ethical issues, including whether the bots 
should be accorded rights and responsibili- 
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ties deemed irrelevant for less interactive 
machines. In one experiment probing the 
ethical frontier, Kahn’s team had a remotely 
operated Robovie interact one-on-one with 
children in three age groups: 9-, 12-, and 
15-year-olds. To break the ice, the kids and 
the robot exchanged greetings and chatted as 
they examined the contents of a room. Then 
Robovie thought of an object in the room 
and gave clues for the child to guess what it 
was. When the roles were reversed and it was 
Robovie’s turn to guess, a moderator sud- 
denly interrupted and, over the robot’s ob- 
jections, ordered it into a closet. 

As the team reported in Developmental 
Psychology in 2012, 89% of the children 
enjoyed spending time with Robovie, and 
a majority believed the robot is intelligent 
and has feelings. Most also said that the 
moderator acted unfairly in stopping the 
game when it was Robovie’s turn, and 54% 
thought it improper to put the robot into a 
closet against its wishes. 

In a second experiment, Kahn’s group 
invited undergraduates to participate in 
a scavenger hunt, in which they searched 
a room for specified items while Robovie 
kept count. Identifying seven 
netted a participant $20. But 
Robovie, as programmed, 
invariably miscounted and 
denied the prize to those who 
found seven objects. As the 
team reported at a robotics 
conference in Boston in 2012, 
65% of participants held the 
robot “morally accountable” 
for its miscount. Whereas 
participants also said they 
would hold a fellow human 
more at fault for the same 
infraction, very few said 
they would judge a vending 
machine morally responsible 
for short-changing someone. 

According to Kahn, these 
experiments show that humans 
are already thinking of auto- 
nomous robots as being alive 
technologically—though not biologically— 
and according them moral rights and 
responsibilities they would never extend 
to nonhumanoid machines. Kahn thinks 
more work needs to be done to understand 
the implications of living and working with 
social robots. 

Darling, of MIT’s Media Lab, agrees. Fears 
about an impact on human relationships 
are “an argument that is made with every 
new technology that comes along,” she says. 
As social robots become common, she says 
interactions with these new, artificial com- 
panions should become second nature—like 
using the telephone. @ 
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HUMANS NEED NOT APPLY 


It’s hard enough these days landing a job as a flesh-and-blood human. Soon we may be competing with robots. 
Ina20O13 report, the University of Oxford's Oxford Martin School estimated that 47% of U.S. jobs could be taken 
over by machines in the next decade or two. Here are a few careers where robots may have the inside track. 


Design by Garvin G. Grullén; reporting by Hassan DuRant and Jia You 


Rescuers 


Tough, strong, and fearless, robots could 
make ideal first responders to a natural 
disaster. In December, 16 teams worldwide 
competed in a Defense Advanced Research 
Projects Agency Robotics Challenge trial 
that required the machines to complete 
eight tasks including driving into a disaster 
site, moving debris, breaking down walls, 
and turning valves. The 11 qualified teams 
will face off in a final round in June 2015. 
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Bellhops 


Don't be surprised if a robot greets you 
at a hotel lobby. The Aloft hotel in 
Cupertino, California, is testing Botlr, a 
robotic bellhop that can shuttle razors, 
snacks, and morning papers from the 
lobby desk to guest rooms in 2 to 

3 minutes. Cameras and other sensors 
enable the bot to recognize opened 
room doors, and users can enter 
reviews of the service on the robot's flat 
panel display. The bot even does a 
small dance before trundling off. 


Reporters 


Untroubled by writer's block or caffeine 
cravings, robots are already writing 
data-based stories in some newsrooms. 
Algorithm, developed by Chicago, 
\llinois-based Narrative Science, now 
churns out corporate earnings reports 
for Forbes, and the Los Angeles Times 
employs similar technology to cover 


RS 
earthquakes. A study earlier this year % 
found that readers could not reliably tell ~AY 


the difference between robot-generated 
and human-written sports articles. 
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Pharmacists 


Researchers estimate that medication errors 
by health practitioners or pharmacists kill 


7000 people in the United States alone each += Chauffeurs 


year. In 2011, the University of California, San 
Francisco, Medical Center introduced a robotic 
pharmacy that took over all manual tasks 
associated with filling prescriptions. Comput- 
ers receive medication orders electronically, 
then command machines to assemble and 
dispense barcoded prescriptions. 


Putting a robot instead of flesh and 
blood behind the wheel could save 
hundreds of thousands of lives a year 


by eliminating human error, which 
accounts for 95% of automobile 
accidents. Google is building at least 
100 fully autonomous, two-seat test cars 


with a maximum speed of 40 kilometers per 
hour, which the company expects to be 
road-ready by early next year—and several 
states have already opened their roads to 

tests of autonomous cars. 


Scientists 


Robots already carry out repetitive lab tasks like 
pipetting uncomplainingly, but they can make 
discoveries, too. At the University of Manchester, a 
ab bot named Adam used algorithms to formulate 
hypotheses and design experiments to identify genes 
involved in yeast metabolism, without any human 
input. At Cornell University, another team devised a 
robot that observed the swinging of interconnected 
pendulums and deduced their “laws of motion.” 
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The accidental roboticist 


® 


John Long wondered how life developed the capacity to 
evolve—so he unloosed a fleet of robot tadpoles 


By Adrian Cho, in Poughkeepsie, New York 


he Tadro is a primitive creation. The 
robotic tadpole’s palm-sized cylindri- 
cal body contains a few wires and 
resistors and a reprogrammable chip. 
An electric motor wags the tail, a sim- 
ple plastic cone tapering to a square 
fin. On either side of the robot’s head perch 
two light sensors, with a third in the center. 
That’s it. Yet when placed in its environment 
—for now, a kiddie pool in a darkened locker 
room here at Vassar College—the Tadro does 
something that most complex machines can- 
not: Unlike your car or computer, it guides 
itself and behaves like a living creature. 

A flood lamp hangs a meter or so over 
the pool, supplying light that serves as 
Tadro’s “food.” Tipping slightly forward, the 
robot churns toward the lamp, its motor 
squeaking weekee weekee weekee, and then 
circles under it, feeding on the glow. As the 
Tadro wriggles toward the light again and 
again, it’s hard not to think it’s alive. 

And like living things, Tadros evolve. 
With help from their makers, they change 
from generation to generation in response 
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to a form of survival-of-the-fittest selection. 
They are the brainchildren of John Long, 
a Vassar biologist with a cheerful smile 
and a scholar’s little round glasses who 
peppers his conversation with references 
to books and movies. (“Pay no attention 
to the man behind the curtain!”) He has 
used Tadros to study the evolution of 
backbones, testing the idea that by making 
ancient fish stiffer, backbones made them 
faster and hence better at collecting food 
or evading predators. 

Now, he and his team are gearing up for an 
even more ambitious effort. They plan to use 
Tadros to probe the font of all life’s diversity: 
the ability to evolve, or evolvability. One 
key to that ability, he and his collaborators 
think, may be modular design, especially 
in the brain. In animals, distinct neural 
circuits control different functions, such 
as vocalization and vision. “The grand 
hypothesis is that modularity will enhance 
evolvability,’ Long says. “It’s this capacity 
for future change that we're trying to get 
our hands around.” If he is right, modularity 
itself should evolve within the Tadro’s control 
circuits, under the right conditions. 
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That may be a lot to ask of toy tadpoles, 
but others say that experiments with robots 
can lay bare the nuts and bolts of evolution 
in ways that observations with living things 
cannot. “Youre able to set up and test 
hypotheses that couldn’t be tested otherwise,” 
says Robert Pennock, a philosopher of science 
and evolutionary biologist at Michigan State 
University in East Lansing. A. E. “Gusz” 
Eiben, an evolutionary computer scientist 
at VU University Amsterdam, agrees. Long’s 
work, he says, “deserves to be more widely 
known, especially among biologists.” 


IN THE YOUNG FIELD of evolutionary ro- 
botics, Long’s research swims against the 
prevailing current. Most researchers use 
evolution as a tool to develop better ro- 
bots. They construct otherwise identical 
robots with a variable trait—say, the length 
of a limb or some aspect of the robot’s 
circuitry—which is specified in an abstract 
numerical “gene.” They set the robots loose 
in some environment to determine, accord- 
ing to some previously decided criterion 
related to their behavior, which ones are 
fitter and get to pass their winning traits to 
more offspring. 

There’s no hot sex for the robots, however. 
Instead, mating occurs entirely within a 
computer using a “genetic algorithm” to 
determine the traits of the next generation 
of robots. To mimic biological reproduction, 
each numerical gene is divided by two, the 
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algorithm randomly “mutates” the results, 
and they’re stored in virtual eggs and sperm. 
The program then pairs up the virtual 
gametes—with fitter robots providing a 
larger share—to concoct “genomes” for the 
next generation. 

Often evolutionary roboticists don’t build 
physical robots at all. Instead, computers 
simulate the robots and their behavior to 
determine which are fitter. Researchers 
quickly plow through thousands or millions 
of generations to optimize the design for a 
physical robot. 

Long, however, likes to keep his evolving 
robots real, immersed in a_ physical 
environment. He grew up in Rochester, 
Michigan, but, as a descendent of New 
England whalers, felt the call of the sea 
at an early age. Hoping to 
become a marine biologist, he 
attended the tiny College of 
the Atlantic—enrollment 362— 
in Bar Harbor, Maine, where 
he worked for Sentiel “Butch” 
Rommel, a bioengineer who 
would take students out to slice 
up beached whales. 

In graduate school at Duke 


University in Durham, North ah 

Carolina, Long studied fish, ‘ 

in particular the blue marlin, 

which can swim 80 kilometers 

per hour. He built a rig that 

would hold marlin backbones, 

begged from fish shops in » 

Hawaii, and bend them back Tail 
speed 


and forth. He expected that at 
higher bending frequencies, 
the backbones would become 


springier and _ absorb less 
energy. Instead he saw the 
opposite, suggesting the 


backbone works a bit like a 
shock absorber at high speeds. 

Long was still pondering backbones 
when he arrived at Vassar in 1991. He 
wondered how the chainlike spine of 
vertebrates evolved from the _ sinewy 
notochord of invertebrates—an innovation 
that has happened at least three times 
in evolutionary history. Stiffer than a 
notochord, a backbone may have helped 
early fish swim faster and gather more food 
than their floppier peers, he hypothesized. 
Long had started to build mechanical 
models of fish, but his collaborator 
Kenneth Livingston, a cognitive scientist 
at Vassar, suggested developing them into 
autonomous robots. 

To try to replicate backbone evolution, 
Long decided to mimic the tadpolelike larva 
of invertebrates of the genus Botrylloides, 
commonly called sea squirts. The larva 
resembles ancient invertebrate fish, such 
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as the extinct eel-like Haikowichthys. Other 
researchers had traced the neural circuits 
that make sea squirt larvae spiral toward 
light, so the robots could be wired accurately 
and provide a reasonable model of the larva, 
which would stand in for the fish. 

Thus the ‘Tadro—short for tadpole 
robot—was hatched, in 2004. Its simplicity 
hit the sweet spot for research with 
undergraduates, who can’t afford to 
spend years constructing a complex robot. 
Long’s team built the first Tadros out of 
food containers, says Nicholas Livingston, 
chief engineer in Long’s lab and Kenneth 
Livingston’s son. “I remember feeling 
both clever and silly when I went to the 
local grocery store and bought a lot of 
Tupperware and plastic wrap,” he says. 


Thinking inside the box 


Researchers hope to make their swimming robot evolve distinct control 
circuits (right) instead of one spaghettilike tangle (left). 
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COMPARED WITH COMPUTER MODELS 
or biological studies, robots have advan- 
tages for reprising evolution. Unlike a 
computer simulation, a real robot cannot 
leave out some subtle interaction with its 
environment or break the laws of phys- 
ics. And robot experiments can be much 
faster than biological experiments, at least 
those with larger animals, says Jodi Schwarz, 
a bioinformaticist and collaborator at Vassar. 
“Even with mice, each generation is months,” 
she says, “so it would take you forever.” 

Even so, studying evolution with robots 
can be tricky. In his first experiment, Long 
varied the length and stiffness of the Tadro’s 
tail, molding new tails for each generation 
out of a tunable polymer. Researchers ran 
trials with three Tadros programmed to 
find and circle a light and assessed their 
fitness. Because the robots did not actually 
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live or die—the gold standard for measuring 
fitness—the researchers had to find some 
other measure of fitness. They settled on 
a metric based on how fast and straight 
a Tadro swam, as assessed in a frame-by- 
frame video analysis. 

But over 10 generations they observed 


no clear trend toward longer, stiffer 
tails. Instead, the tails’ characteristics 
varied almost randomly. Why? Long 


and company had tripped on a pitfall of 
evolutionary robotics. They had defined 
their fitness metric to reward a Tadro 
for speed and penalize it for wobble. But 
in reality, faster Tadros wobbled more 
than slower ones—so, paradoxically, 
the fitness measure both rewarded and 
penalized a Tadro for being fast. 

Even after correcting for that 
error and reanalyzing their 
data, they found that in some 
generations, selection favored 
bendy, slower Tadros. So Long’s 
hypothesis was wrong: The 
race for food alone probably 
did not create a need for speed 
and account for the evolution of 
vertebrae, as he explains in his 
2012 book, Darwin’s Devices: 
What Evolving Robots Can Teach 
Us About the History of Life and 
the Future of Technology. 

That negative result only 
spurred Long on. By 2007, he had 
revised his hypothesis. Perhaps 
vertebrae evolved not only to 
enable a fish to gather more 
food, but also to help it dash 


away from _ predators, he 
thought. To test that idea, Long 
e and colleagues deployed a new 
N version of Tadro, this time 


modeled after the extinct jaw- 

less fish Drepanaspis gemuen- 
denensis, a vertebrate that also appeared to 
have had to fend off predators, as it had a 
hard shell. And this time researchers made 
two kinds of Tadros: predators and prey. 
The prey would still seek the light. However, 
they would also have infrared sensors that 
would trigger them to flee whenever a 
predator got too close. 

The results of the new experiment were 
more in keeping with expectations. To keep 
the experiment manageable, tail length 
was fixed, but prey Tadros’ tails could have 
different numbers of vertebralike rings. 
More vertebrae meant more stiffness, 
which presumably meant more speed. 
The researchers ran two trials of five and 
11 generations each. And the Tadros did 
indeed evolve to have more vertebrae, from 
a starting average of 4.5 to an average of 
5.5 or more—bolstering Long’s hypothesis. 
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Both experiments were limited to a handful 
of generations and couldn’t replicate the 
dramatic effects in the fossil record. 
Nevertheless, the results were clear, says 
Eiben, the computer scientist from VU 
University Amsterdam. “I’m amazed that they 
found such developments in just this few 
generations,” he says. He credits Long’s group 
with not just observing a trend, but also 
digging deeper and “asking themselves why.” 


NOW, LONG AND COLLABORATORS aim 
to study the evolution of the Tadro’s “brain,” 
hoping to induce the appearance of the dis- 
tinct neural network circuits that they be- 


Despite its stark simplicity, the Tadro exhibits 
complex and lifelike behavior. 


lieve may aid further evolution. This time, 
the experiment also promises a practical 
payoff, says Josh Bongard, a computer sci- 
entist from the University of Vermont in 
Burlington who is collaborating with Long. 
Bongard uses simulations to develop 
control circuitry for robots. But he has 
been frustrated to find that the process 
runs out of steam: The circuits become 
so interconnected that changing one 
connection requires rewiring the whole 
thing. Nature avoids that tangle by evolving 
modular circuits, and he hopes to learn 
how do to that, too. “The roadblock isn’t 
that we don’t have big enough computers,” 
he says. “The roadblock is intellectual—we’re 
not simulating evolution in the right way.” 
The new ‘Tadro’s neural network is 
rudimentary (see figure, p. 193). Inscribed 
on a reprogrammable chip, it has two 
“neurons” that take input from the eyelike 
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light sensors on either side of the head. 
Two output neurons control, independently, 
the tail’s angle and flapping rate. Inputs 
connect to outputs through a “hidden 
layer” of neurons. The map of that circuitry 
will be the heritable trait, and researchers 
hope Tadros will evolve distinct circuits for 
controlling tail speed and angle. 

Learning from previous work, Long’s team 
will simplify the experiment. Each Tadro 
will ply the water alone, and fitness will be 
determined by how much light it collects as 
measured by the light sensor in the middle 
of the head. The researchers may eventually 
allow some aspect of the Tadro’s body, such 


as its tail, to evolve, too, as modularity may 
arise from the interplay of body function 
and the environment, Bongard says. 

But first, the team must get the new Tadros 
running—a challenge for the four undergrads 
who will work for 2 years on the project. They 
had planned to make the Tadros entirely 
with a 3D printer over the summer. But the 
printed bodies leaked and sank, even after 
researchers tried to seal them with paint. “We 
had five different bodies painted with five 
different spray paints, and they all leaked,” 
says Jessica Ng, a biology major at Vassar. 
“SO we just gave up.” The team is now using 
bodies machined from clear acrylic. 

Long’s students also face the daunting 
task of taking the data during the school 
year. Long, a passionate teacher who arrives 
at work at 7 a.m. and likes to squeeze in 
instruction whenever he can—he regularly 
reads aloud to his wife and two teenaged 
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daughters at dinner—says he strives to 
help students succeed on their own terms. 
“My line to them is ‘You’re no good to us if 
you fail?” he says. Instead of committing a 
number of hours per week to the project, 
the students will aim for monthly research 
milestones. If that’s a recipe for periodic all- 
nighters, so be it, says John Loree, a physics 
major at Vassar: “Hey, it’s college!” 

It’s tantalizing to imagine that Long’s 
modest robots will evolve wildly. If they do, 
they might even provide insight into deep 
philosophical issues about the genome, says 
Kenneth Livingston, the cognitive scientist. 
“The genome is a set of instructions to do 


something, but it’s not pure because it’s about 
a particular world,” he says. So, he says, the 
connection between the environment and 
the genome is “the beginning of meaning.” 

But it’s also imaginable that things won’t 
go so swimmingly. For example, the Tadros’ 
evolution will depend in part on randomly 
tweaking connections within their neural 
networks. But most randomly wired 
networks may not work at all, leaving the 
Tadro dead in the water and evolution at 
a standstill—although simulations suggest 
that won’t be a showstopper, Bongard says. 

“We really have no idea what will happen,” 
says Schwarz, the Vassar bioinformaticist. 
But that’s part of the attraction of studying 
evolution with robots, says Pennock, the 
philosopher of science at Michigan State. 
“The thing that is underappreciated in this 
approach is that it’s truly experimental,” he 
says. “You're often surprised.” & 
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Q&A: Robots and the law 


As robots take on societal roles that were once the province 
of humans, they are creating new legal dilemmas 


By Dennis Normile 


hould driverless cars be allowed on 
the roads? Should robots capable of 
thought be accorded rights as sen- 
tient beings? Ryan Calo, a lawyer at 
the University of Washington School 
of Law in Seattle, tackles these and 
other questions in “Robots and the Lessons 
of Cyberlaw,’ a paper that will appear in 
the California Law Review next spring. In 
a report for the Brookings Institution last 
month, he called for the creation of a Fed- 
eral Robotics Commission that would over- 
see the integration of robotics technologies 
into U.S. society. Science caught up with 
Calo recently on the murky questions sur- 
rounding robo rights and responsibilities. 
His remarks have been edited for brevity. 


Q: The law tends to see a clear dichotomy 
between persons and objects. Do robots fall in 
between, and therefore are new laws needed? 
A: Robots tend to undermine this clean 
distinction between a thing and a person. 
For example, you get compensated differ- 
ently when someone else’s negligence re- 
sults in injury to property than to a person. 
When property is involved, you get market 
value. With people you have been deprived 
of that person’s companionship. To the ex- 
tent that people become heavily enmeshed 
socially with robots, the law will have to 
decide into what category to sort them. 


‘Scholars’ _ a a 
Studio” > 
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Q: Should robots be given legal status 

as “beings”? 

A: I don’t think we'll have stand-alone 
rights for robots. Rather, the rights of own- 
ers may extend to robots in certain ways. 
Already lawmakers have struggled with 
cases where a software agent makes 

a deal on your behalf. Personally, I think 
we should hold people to contracts 

formed by their software unless something 
about the transaction makes it look objec- 
tively implausible. 


Q: Robots already generate speech. Does the 
First Amendment protect this speech? And 
what if a robot makes defamatory statements? 
A: If an artist creates an art bot that does 
surprising things, maybe we'll think about 
free speech as attaching to the creation of 
that art bot. There are news bots that wait 
for an event to happen and then report it 
without human intervention. What if it 
gets something wrong? Legal precedent 
requires not just that you intend defama- 
tion but that you have actual malice. You’re 
not going to have defamation attach to 
news bots. 


Q: Will we need laws to protect robots from 
abuse the way we protect animals from abuse? 
A: I don’t see laws actually protecting 
robots. But the link is so strong between 
animal abuse and child abuse that a num- 
ber of jurisdictions have policies saying 
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that if you respond to an animal abuse 
case and there are children in the same 
household, you immediately call child wel- 
fare services. You could imagine tweaking 
those policies to apply if you were to have 
reports that someone was kicking their 
robot dog. 


Q: Ifa robot inadvertently injures someone 
following a command from its owner enabled 
by third-party software, who is liable? 

A: In the early days of computers, people 
did sue when the computer froze and 

they lost something of value. The courts 
were very quick to say it’s just data, so we 
are going to limit liability to the cost of 
the computer or software. Once you have 
platforms that are physical, if they harm 
someone, victims will sue not just the user, 
and not just the apps developer, but they’ll 
sue the platform manufacturer. I think the 
solution will probably end up being statu- 
tory limitations on liability. 


Q: Do companion robots raise new 

privacy issues? 

A: Anything that collects, processes, and 
shares information is going to have an 
impact on privacy. No one really cares how 
you use your dishwasher. But how you ask 
your robot to interact with you has a great 
deal of sensitivity around it. Much privacy 
law is worded broadly enough to encom- 
pass these new problems. 


Q: Personal robots may send information 

on interactions with users back to 
developers to improve functionality. 

Could this be abused? 

A: What I worry about is the prospect 

of manipulating people in the interest of 
the company, for example getting 
someone really invested with a 
virtual girlfriend and then getting 
the user to buy things for her. We 
should think creatively about how 
to interrupt corporate incentives to 
exploit consumers. 


Q: Could robots be programmed 

to alert police if they witness their 
owner commit a crime? 

A: Absolutely! One thing to bear 
in mind is that anything a robot 
records could be subpoenaed. And 
then, what if a robot gets good 
enough that it can tell if you’re do- 
ing something unlawful? It might 
have chemical sensors to help 

you cook. Could the government 
direct those sensors also to tell if 
someone is cooking meth? That’s a 
question the Constitution doesn’t 
obviously answer. 
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Biorobotics: Using robots to emulate 
and investigate agile locomotion 


Auke J. Ijspeert 


The graceful and agile movements of animals are difficult to analyze and emulate because 
locomotion is the result of a complex interplay of many components: the central and 
peripheral nervous systems, the musculoskeletal system, and the environment. The goals 
of biorobotics are to take inspiration from biological principles to design robots that match 
the agility of animals, and to use robots as scientific tools to investigate animal adaptive 
behavior. Used as physical models, biorobots contribute to hypothesis testing in fields 
such as hydrodynamics, biomechanics, neuroscience, and prosthetics. Their use may 
contribute to the design of prosthetic devices that more closely take human locomotion 


principles into account. 


cat running, climbing, jumping, and rapidly 

catching moving objects is fascinating to 

watch. Performing these agile motor be- 

haviors requires complex interactions among 

the central nervous system, the peripheral 
nervous system, the musculoskeletal system, and 
the environment. Such good locomotion abilities 
are fundamental for animals and are also use- 
ful for robots. The field of biorobotics—the con- 
struction of biologically inspired or biomimetic 
robots—takes inspiration from biological princi- 
ples to design robots with sensorimotor skills 
that approach those of animals. This has led to 
fish-like (7-4), snake-like (5-7), cat-like (8-12), 
and humanoid robots (13, 15) (Fig. 1), with pos- 
sible applications in search and rescue, environ- 
mental monitoring, agriculture, transport, and 
construction. 

Biorobotics is increasingly contributing back 
to biology in fields such as biomechanics and 
neuroscience. Indeed, biorobots are becoming 
important scientific tools (4, 16, 17) and can be 
used to investigate locomotion and to test hy- 
potheses about the underlying interactions of body, 
control, and environment. Robots have multiple 
properties to complement animal studies: Their 
actions are repeatable, they offer access to var- 
iables or quantities that would be difficult to 
measure on animals, they can perform move- 
ments that are unnatural or dangerous for ani- 
mals, and their morphology can be systematically 
changed. Biorobots are providing useful con- 
tributions to biomechanics (10, 14, 18), neural 
control of movement (9, 19), prosthetics (20, 21), 
and environmental interaction mechanics; such 
as hydrodynamics (/, 3), and the new field of 
terradynamics, the dynamics of sand and other 
granular media (22), that was established with 
the use of biorobots. 

As a first approximation, animal locomotion 
is based on two key principles: (i) the gen- 
eration of periodic movements using muscles 
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(which is quite different from the rotational move- 
ment of electromagnetic motors), and (ii) the 
generation of asymmetries in the interaction forces 
with the environment, such that periodic move- 
ments of muscles are transformed into a forward 
acceleration (as opposed to back-and-forth move- 
ments in place). Depending on the ecological 
niche, nature has evolved a large variety of dif- 
ferent morphologies and ways of generating these 
asymmetries: elongated bodies with traveling 
waves for swimming, scales in snakes that pro- 
vide asymmetric friction for crawling, and 
limbs that alternate between (high-friction) stance 
and (low-friction) swing for walking (23, 24). 

Although the underlying principles appear 
simple at first glance, understanding animal lo- 
comotion is complex because it is a problem 
that (i) involves complex dynamic interaction 
among many elements (multiple neurons, mus- 
cle fibers, bones, tissues, and all elements in the 
environment), (ii) is therefore high-dimensional, 
ii) is highly nonlinear (e.g., doubling the con- 
traction of a single muscle at a given time will 
not lead to a doubling of the locomotion speed), 
and (iv) is multidisciplinary. The biomechan- 
ics of locomotion requires the investigation of 
all the internal forces in the high-dimensional 
musculoskeletal system and also all the com- 
plex interaction forces with the (unstructured) 
environment—with the further complication 
that the interaction will change the environ- 
ment itself, such as when a motion displaces 
water or sand. 

Understanding locomotion therefore requires 
a systems-level approach that explores the in- 
teraction of all involved components (23, 25), 
in addition to studying components in isolation. 
Such an approach comes naturally in robotics, 
which is by essence the science of integration 
of many components (materials, actuators, sen- 
sors, and control loops). Biorobots can play a 
key role in animal locomotion studies by offer- 
ing an “understanding by building” approach 
(26). Complementing other reviews in bioro- 
botics (12, 15-17, 25, 27-29), the focus here will 
be on locomotion, on vertebrate animals, and 


on the use of robots as scientific tools to explore 
the biology of locomotion. 


Swimming 

Swimming involves complex interactions be- 
tween a deformable body (e.g., a fish undulating 
its body and/or flapping its fins) and water mo- 
tion. The interaction forces generate complex 
water displacements and can lead to surprising 
behavior, such as a dead trout swimming upstream 
when placed downstream of a fixed cylinder (30), 
or Gray’s paradox: Using an estimated drag coef- 
ficient of a rigid body, Gray concluded that the 
ratio between drag power and muscle power ap- 
peared too large by almost an order of magnitude 
for a dolphin to reach its observed swimming speed 
(31, 32). It is now known that fish swimming 
strongly depends on the interaction of the body 
with vortices (i.e., spinning motion of water)—in 
particular, periodic patterns of vortices called 
Karman streets—and that fish “exert precise and 
effective control of the flow around their bodies 
to extract energy from waves, turbulence and even 
their own wakes” (32). Gray’s paradox therefore 
appears to be due to an overestimation of the 
drag because of the rigid body assumption as 
well as an underestimation of the peak muscle 
power of dolphins (31, 32). 

Biorobotics can play an important role in ex- 
ploring the underlying physical phenomena 
and in testing hypotheses about the mechanisms 
of fish swimming (J, 4, 33). It can also benefit 
from the impressive swimming skills of fishes in 
terms of agility [e.g., the ability to rapidly turn 
without losing much speed (32)] and energy effi- 
ciency [e.g., the ability of eels to swim thousands 
of kilometers with little or no food (34)]. Different 
types of robotic devices have been used in these 
studies: (i) robotic devices with actuated fins that 
are attached to a fixed or (externally) moving basis, 
typically in a flow tank (32); (ii) robotic devices 
that are self-propelled while being attached to a 
low-friction rail (Fig. 1A) (7, 35); or (iii) freely 
moving fish-like robots (2-4, 36-40). 

A self-propelled robotic pectoral fin was used 
in studies of the interaction between deform- 
able fins and water (J). Three different fin mo- 
tions were compared while recording interaction 
forces with water at the base of the fin. One of 
the motions, “cup and sweep,” closely resembled 
the motion of a sunfish and led to the highest 
thrust forces. The forces closely match predicted 
force patterns from a computational fluid dy- 
namics simulation based on the actual move- 
ments of the sunfish pectoral fins (47) and were 
in agreement with particle image velocimetry 
analyses of water flow around the fish (J). The 
authors also designed a device made of two foils 
to investigate the interaction between dorsal 
and anal fins (first foil) and the caudal fin (sec- 
ond foil). It was shown that the interaction of 
two foils can be beneficial for thrust enhance- 
ment, with the first foil shedding a distinct vortex 
wake that markedly alters incoming flow to the 
second foil and causes increased leading-edge 
suction, in agreement with predictions from a 
computational study (42). 
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Fig. 1. Examples of biorobots. (A) RoboTuna (35). (B) Lamprey robot (39). (©) Salamandra robotica 
(19, 67). (D) Sandfish lizard robot (6). (E) StickyBot (56). (F) RHex (22, 54). (G) MIT Cheetah robot 
(8). (H) CheetahCub (10). (1) Cornell biped (74). (J) Miniature flapping-wing robot (46). (K) Powered 
ankle-foot prosthesis controlled by a neuromuscular model (20). [Permissions: M. Triantafyllou 
(A); IOP Publishing (B); IEEE [(C), (E), (G), and (K)]; The Royal Society (D); AAAS [(F), (1), and 
(J)]; A. Sproewitz (H)] 


10 OCTOBER 2014 * VOL 346 ISSUE 6206 197 


SPECIAL SECTION 


ROBOTS 


Some fishes, like the glass knifefish, perform 
fin movements that generate forces in other di- 
rections than necessary for forward locomotion, 
sometimes even against it, which looks like a 
waste of energy (2). The hypothesis is that these 
movements are performed to enhance the con- 
trol of locomotion and to reduce the trade-off 
between stability (e.g., the ability to keep a steady 
speed and heading) and maneuverability (the 
ability to accelerate and turn) that animals and 
robots face. The glass knifefish uses a single 
elongated ventral fin to hover and rapidly change 
direction (Fig. 2A). The fin performs undula- 
tory movements in opposite directions along 
different parts of the body, typically with two 
inward-traveling waves that meet at a nodal 
point (Fig. 2C). It was observed that the position 
of the nodal point was modified depending on 
the speed of swimming, moving toward the 
tail for higher forward speed. This was then 
tested using a mathematical model and a robot 
(Fig. 2B), and it was found that the resulting 
thrust force varied linearly with the shift of the 
nodal point. It was also found that the counter- 
acting waves lead to a passive damping effect 
that helps rejecting perturbations of swimming 
velocities (that could be due to perturbations of 
the water around the robot) and can be adjusted 
by the frequency of the undulation. Together, these 
two mechanisms nicely enhance both the maneu- 
verability (by shifting the nodal point) and sta- 
bility (by adjusting the damping) of glass knifefish 
swimming, relative to a swimming mode that uses 
a single wave along the whole fin with changes 
of frequency for changing direction. The increase 
of maneuverability is especially striking for small- 
amplitude movements. 


Flying 
There is currently a boom in flying robots, in par- 
ticular robots with rotating wings (such as quad- 
ropters) and fixed-wing robots (43). Self-propelled 
flapping-wing robots, also called ornithopters, are 
less common (44). They range from miniature ro- 
bots (45-47) to the SmartBird by Festo (a flying 
robot inspired by the herring gull), toys (such as a 
flying pigeon-like robot by E-Bird and the Flytech 
Dragonfly by WowWee), and large-scale ornithop- 
ters capable of carrying a person (48). 
Flapping-wing robots have been very useful 
as physical models to investigate insect and bird 
flying. Similarly to Gray’s paradox for swimming, 
the wings of insects appear unable to generate 
sufficient lift when maintained statically in air 
flows at constant velocities (in the same range of 
velocities as those of flapping) (49), which sug- 
gests that the flapping and rotational movements 
of the wings, as well as the vortices shed by the 
wings, are important to generate the lift forces 
necessary for flight (50). Taking advantage of the 
similarities of fluid dynamics in air and in water, 
studies of the physics of insect flapping wings 
have used dynamically scaled robotic wings in 
mineral oil (with adjusted dimensions, frequencies, 
and oil viscosity to match the Reynolds number 
of the insect flight) (50). By equipping the ac- 
tuated wings with force sensors, it was possible to 
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investigate how lift can be generated by flapping 
wings, and it was found that insect flight could 
be explained by the interaction of three mech- 
anisms: delayed stall (during stroke), rotational 
circulation, and wake capture during stroke re- 
versal (50). The mechanisms of wake capture, in 
which a wing benefits from the vortices gener- 
ated by the previous stroke, are similar to those 
found with fish robots (42). Furthermore, by sim- 
ply modifying the timing of the rotational move- 
ments, the direction of forces can be adjusted and 
hence the direction of flying can be modulated, 
both for left-right yawing and up-down movements. 
These changes of timing resemble the changes 
of movements observed during steering behaviors 
in Drosophila (50). Similarly, it was found that yaw 
movements can be obtained with small adjust- 
ments of the stroke plane angle and the stroke 
amplitude (57) and that forward speed could be 
regulated by wing movements that alter pitch (62). 
Like the findings of the glassfish study described 
above, propulsion and steering are therefore close- 
ly merged and obtained by subtle modulations 
of propulsive movements; this is quite different 
from most fixed-wing and propeller-based aerial 
or underwater robots, where some motors are 
dedicated for propulsion and others for steering 
(e.g., using rudders). 

Although flying based on flapping wings is 
currently outperformed by propeller-based fly- 
ing for robots of the weight of birds or more, it is 
well suited for robots of the size and weight of 
insects. An impressive miniature 80-mg flapping- 
wing robot has been designed (45, 46) (Fig. 1J). 
The authors note that “conventional technologies 
for macroscale aircraft propulsion and manufac- 
turing are not viable for millimeter-scale robots 
because of inefficiencies that arise from force 
scaling, suggesting a biologically inspired solu- 
tion based on flapping wings.” The robot could 
exhibit stable hovering and simple flight man- 
euvers. The rotational motion of the wings was 
obtained by combining active flapping with pas- 
sive pitch rotation thanks to passive compliant 
flexures. The resulting movements resemble those 
described above (50) and similarly generate suf- 
ficient lift forces for flight. For future work, the 
authors note that such robots could be used to 
study the mechanics and control of insect flying, 
and may enable the measurement of forces and 
torques during free flight that could be difficult 
to simulate in scaled models. 


Crawling and terradynamics 


Many animals locomote on granular media such 
as dry sand or gravel. Granular media are com- 
plex media that can exhibit both solid-like and 
fluid-like features (22, 53). Some animals can even 
swim through sand; the sandfish lizard uses a 
large-amplitude traveling wave (53) not unlike the 
swimming of water snakes. The modeling of lo- 
comotion in granular media has led to the new 
field of terradynamics, in which robots play a 
big role (6, 22). More generally, a range of snake 
robots have been constructed that, like their 
biological counterparts, perform motion through 
multiple contacts with the environment (5, 7). 


High-speed x-ray imaging revealed that the 
lizard swims in sand by means of body undu- 
lations, without the help of limbs. Making the 
hypothesis that the animal swims in a so-called 
“frictional fluid” in which grain-grain and grain- 
animal friction determine drag and thrust forces, 
the authors developed an empirical model of sand 
swimming that shares similarities with swim- 
ming in liquids with low Reynolds numbers (e.g., 
with negligible inertia effects), but with a mech- 
anism for drag that is frictional (ie., velocity- 
independent) instead of viscous (53). The model 
showed good agreement with the experiments 
and could predict the wave efficiency and op- 
timal kinematics. A robot model of the lateral 
undulations of the lizard was later developed to 
further validate the model (Fig. 1D) (6). The ro- 
bot was useful for systematic testing of different 
types of body undulations, in particular with 
different ratios between amplitude and wave- 
length. The robot proved to be good match with 
the empirical model. Interestingly, they both ob- 
tained maximal speeds when the ratio between 
amplitude and wavelength was 0.2, the same as 
that used by the sandfish. 

The same group extended their terradynam- 
ics model to predict interaction forces induced 
by arbitrarily shaped legs and bodies moving 
freely in granular media (22). A RHex-like robot 
(54) with six rotary legs was tested with differ- 
ent types of leg shapes in different types of gran- 
ular media (Fig. 1F). The authors obtained a 
remarkable match between experimental data 
and the model—for instance, in terms of the in- 
teraction forces of rotating legs of different shapes 
with the granular media, and in terms of loco- 
motion speeds of the robot with different leg 
shapes and different stride frequencies. Such a 
terradynamics model can be useful to under- 
stand how lizards run in the sand (55) and to 
design leg shapes and control laws for robots 
that move in sand and gravel. 


Climbing 

Climbing has also been studied in robots (56-60), 
in particular the impressive climbing abilities 
of gecko lizards that exhibit directional dry ad- 
hesion under their feet (67). On the basis of an 
analysis of the feet and the small hairs that pro- 
vide directional adhesive to the gecko, the toes of 
a lizard-like robot (Fig. 1E) were equipped with 
arrays of small-angled polymer hairs manufac- 
tured using shape deposition (56). Despite being 
at least two orders of magnitude larger than 
gecko hairs, this led to similar directional ad- 
hesion that was sufficient to carry the robot on 
vertical surfaces of glass or other smooth sur- 
faces. Together with the compliance of the feet, 
the robotic toes adhere to a surface when pulled 
toward the ankle and are easily released when 
pulled in the other direction. Relative to non- 
directional adhesives, the foot required much 
less pulling force to detach from the surface. This 
explains the ease and rapidity with which geckos 
can climb on walls and ceilings (67). For proper 
climbing, the robot required movements and 
postures such that feet are always pulled toward 
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Fig. 2. A biomimetic robot that emulates the hovering performance of the glass knifefish. (2). 
(A and B) To mimic the kinematics of the glass knifefish (A), the motorized fin was programmed to 
produce two inward-traveling waves that meet at a nodal point (B). (©) Experiments with the fish and 
robot were explained by a computational model. By shifting the nodal point and altering the frequency of 
the undulation, both the direction of thrust and the damping of perturbations can be adjusted, offering a 
way to simultaneously adjust maneuverability and stability, respectively. [Reproduced with permis- 


sion: N. Cowan] 


each other—something that has been observed 
in geckos that reorient their feet as they climb 
in different directions. 


Quadruped walking and running 

A range of quadruped (8-2, 62) and multilegged 
robots (54, 63) have been constructed to date, 
including robots developed by companies for 
which no scientific reports exist [e.g., BigDog 
and WildCat by Boston Dynamics; see (22, 15) for 
reviews]. Many of these were designed to emulate 
the walking and running skills of tetrapods, such 
as climbing over complex uneven terrain and cross- 
ing terrain with limited footholds (e.g., stones in 
a river); they benefit from the advantages offered 
by discrete contacts with the ground, versus con- 
tinuous contact through wheels or tracks. 
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One drawback of many legged robots is their 
low energy efficiency, as illustrated, for instance, 
by their large costs of transport (CoT, the ratio 
of power consumption to the product of weight 
and speed), a dimensionless measure of energy 
efficiency for locomotion (8). Several principles 
for reducing these energy costs were proposed 
by Kim and colleagues (8, 78): the “employment 
of high torque density motors, low impedance 
transmission, energy regenerative electronics 
and a design architecture that minimizes the 
leg inertia.” The last principle has led the au- 
thors to design a lightweight leg that followed 
the hypothesis that vertebrate legs are orga- 
nized such that bones carry only compressive 
loads while the muscles, tendons, and ligaments 
carry tensile loads in order to reduce bending 


torques (64). The robotic legs were constructed 
using Kevlar cables for tendons and lightweight 
bone-like structures made of foam-core compo- 
site fabrication (Fig. 1G). By using the principle 
of tendon-bone colocation, stress on the bone 
during a stride could be reduced by up to 59% 
relative to a leg configuration without a tendon 
(18). Combined with actuators that have low gear 
ratios (and therefore low friction) and electronics 
that allow recapture of energy when the motor 
brakes, the robot is capable of fast locomotion 
(2.51 m/s) at a CoT of 0.51; according to the 
authors, this is significantly lower than that of 
BigDog (estimated CoT of 15) and is comparable 
to running animals at the same scale. 

In related work, it was shown that replicat- 
ing the pantograph-like structure of a mammal 
limb and approximating its viscoelastic proper- 
ties (Fig. 1H) can lead to surprisingly robust and 
dynamic gaits purely with open-loop control (0). 
Relatively big perturbations, such as walking 
down a step, did not require sensory feedback 
nor complex closed-loop control, but were in fact 
dampened out by the mechanical properties of 
the robot. Similar mechanical self-stabilization 
mechanisms have been identified in running 
cockroaches (65). 

Quadruped robots have also been used for 
testing hypotheses related to the neural control 
of motion, for instance in the cat (9) and the 
salamander (19). The salamander uses an anguil- 
liform swimming gait in water and a walking-trot 
gait on the ground. The locomotor patterns are 
generated by neural circuits in the spinal cord 
called central pattern generators. Gait transitions 
between the two modes of locomotion can be 
induced in a decerebrated animal by electrical 
stimulation of a region in the brainstem, with 
walking-like patterns at low stimulation and 
swimming-like patterns at high stimulation (66). 
This illustrates that spinal cord circuits not only 
can produce well-coordinated movements but 
can even generate gait transitions under simple 
descending control signals. A salamander-like 
robot (Fig. 1C and Fig. 3A) was used to test the 
hypothesis that the salamander central pattern 
generator is based on an ancestral lamprey-like 
swimming neural circuit for its axial muscula- 
ture, extended during evolution by specialized 
and slower neural oscillators for the limbs (19). 
The model and the robot could replicate the 
gait transition induced by electrical stimulation. 
It also provided an explanation of why walking 
gaits (Fig. 3B) are systematically performed at 
lower frequencies than swimming gaits (Fig. 3C) 
in the animal. Finally, the robot demonstrated 
that the particular body-limb coordination used 
by salamanders on the ground is the one among 
several options that optimizes its locomotion 
speed (67). 

The mechanisms of interlimb coordination, 
and in particular the respective role of neural 
coupling versus mechanical coupling, have also 
been investigated using a quadruped robot (68). 
It was shown that stable gaits could be gener- 
ated without direct coupling between limb oscil- 
lators and with only indirect coupling through 
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Fig. 3. Salamandra robotica, a salamander robot that can swim and walk. This robot was designed to test hypotheses about the organization of salamander 
spinal circuits and the mechanisms of gait transition (19, 67). (A) The waterproof robot is equipped with eight motors for spine undulations, and four motors, one 
per leg, for leg rotation. (B) Comparison of the walking trot gait of the robot (left) and the salamander, as recorded with x-ray videos (right). (©) Comparison of 
the swimming gait of the robot (left) and the salamander (right) (67). 


sensory feedback and mechanical coupling, 
similar to what has been observed in the stick 
insect (69). The robot was a useful tool to demon- 
strate that different gaits could be obtained 
depending on the mass distribution in the ro- 
bot. When the mass was placed more in the front, 
as in camels, or more to the rear, as in monkeys, 
the same gaits emerged as in their biological 
counterparts. 


Biped locomotion 


Two broad classes of biped and humanoid robots 
can be distinguished: (i) robots that are designed 
to be versatile, and (ii) passive-dynamic robots 
that are designed to be energy-efficient. Versa- 
tile robots use multiple high-torque actuators 
and sophisticated control algorithms to carefully 
control all joints at any given time. This has led 
to impressive machines such as Asimo (Honda), 
Qrio (SONY), Atlas (Boston Dynamics), Shaft’s 
biped, and HRP (AIST and Kawada Industries) 
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[see (15) for a review]. However, from a biome- 
chanical point of view, these robots are far from 
human-like because they require actuation to 
perform any motion, as opposed to human walk- 
ing that relies extensively on natural dynamics 
of the musculoskeletal system (such as pendulum- 
like swinging movements of the limb). Such robots 
are therefore highly inefficient from an energy 
point of view. 

Passive-dynamic walking robots are more 
human-like in terms of biomechanical aspects 
and energetics, and are interesting tools for ex- 
ploring the biomechanics of human locomotion 
(13, 14, 70). This type of locomotion is called 
passive because it relies on passive dynamical 
properties of the body such as free-swinging 
motions (as opposed to motions that are ac- 
tuated at all times), and dynamic because it is 
dynamically stable (i.e., a notion of stability over 
time) as opposed to statically stable (i.e., with the 
center of gravity remaining at any time over the 


support polygons shaped by the contact points of 
the feet on the ground). Note that most versatile 
robots also perform dynamic locomotion. 

Inspired by ramp-walking toys and abstract- 
ing walking as a wheel without a rim, McGeer 
(14), using nonlinear stability analysis and by 
building prototypes, demonstrated how a passive- 
dynamic walking machine could be constructed 
to get down a ramp without actuation and con- 
trol. With a well-tuned body morphology made 
of two straight legs with round feet, swinging 
motions of the limbs and stable walking could 
be obtained thanks to gravity and inertia alone, 
without the need for careful control of limb mo- 
tions. This led to a paradigm shift in biped loco- 
motion, going away from trajectory-based control 
toward locomotion that is tightly based on pas- 
sive properties of the body, much like humans 
are believed to do (71-73). 

For instance, a more human-like 3D passive- 
dynamic walker with knees and counterswinging 
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arms produced strikingly human-like features 
(13). Subsequent developments included the 
addition of actuation to remove the necessity 
of a ramp, and of learning algorithms to learn 
suitable control policies online (i.e., while walk- 
ing) (74). This has led to three robots (the Cornell, 
Delft, and MIT bipeds) that “use less control and 
less energy than other powered robots, yet walk 
more naturally, further suggesting the impor- 
tance of passive dynamics in human locomotion” 
(74). The Cornell biped (Fig. 11) was designed to 
minimize energy loss that happens in human 
and robot walking when the foot hits the ground 
and when actuators actively brake movements 
and perform negative work. By completely avoid- 
ing negative work, the robot could walk with a 
low CoT of ~0.2, which is equivalent to human 
walking (CoT of 0.2) and is an order of mag- 
nitude lower than Honda’s Asimo (estimated 
CoT of 3.2). Further, the locomotion of the robots 
required very little control effort relative to 
trajectory-based control. The Cornell and Delft 
bipeds used very simple control laws directly link- 
ing ground contact sensors to on/off motor com- 
mands sent once per step. The MIT biped used 
online reinforcement learning to optimize a 
control policy during locomotion. Because the 
intrinsic mechanical stability simplified the 
learning problem, the learning was sufficiently 
rapid that the robot could continuously adapt 
to the terrain during walking. This work showed 
that with the right mechanics, human locomo- 
tion is energy-efficient and possibly less difficult 
to control than originally thought. The passive- 
dynamic walking robot Ranger (1 m high, 9.9 kg) 
could walk 65 km over 31 hours on a single 
battery charge (~500 W-hours, CoT of 0.28)—an 
impressive feat (75). 

The interaction between passive-dynamic walk- 
ing and neuronal control with simulated syn- 
aptic plasticity has been further explored (76). 
It was shown that a robot maintained in the 
sagittal plane could walk with high speed and 
could learn to walk on different terrains with only 
a few learning iterations. The authors concluded 
that “the tight coupling of physical with neuro- 
nal control, guided by sensory feedback from 
the walking pattern itself, combined with synap- 
tic learning may be a way forward to better un- 
derstand and solve coordination problems in 
other complex motor tasks” (76). 

The versatile and passive-dynamic approaches 
can to some extent be merged in robots that 
exploit torque control in addition to position con- 
trol (77-81). Such robots typically use whole-body 
model-based control together with optimization 
algorithms. By taking into account natural dy- 
namics in the dynamic model of the robot, and 
by adding energy criteria in the optimization, 
it is in principle possible to generate locomo- 
tion that is both versatile and energy-efficient. 
Torque-controlled robots also offer the oppor- 
tunity to easily test biomechanical hypotheses 
without having to rebuild all the mechanics 
(82). They can emulate muscle models using ac- 
tive impedance, while the real physics is still 
taking care of the part that is difficult to sim- 
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ulate (i.e., the contacts and interactions with 
the environment). 


Active exoskeletons and prostheses 


Active exoskeletons (for limb support) and 
prostheses (for limb replacement) are fields in 
which robotics, biomechanics, and human motor 
control converge (83). In order to restore or aug- 
ment human locomotion, a series of actuated exo- 
skeletons have been designed, including BLEEX 
(84), HAL (85), Sarcos’ exoskeleton, MIT Exoskel- 
eton (86), MINDWALKER (87), and RoboKnee 
(88) [see (83, 89) for reviews]. Several can be 
bought as commercial products, such as the 
ReWalk from ReWalk Robotics and Ekso from 
Ekso Bionics. Potential users are soldiers, workers, 
or persons with a locomotor handicap (for in- 
stance, due to a spinal cord lesion). 

To reduce the size and weight of fully actuated 
exoskeletons, researchers have investigated the 
energetics of human locomotion. Closely linked 
to the passive-dynamics walking studies men- 
tioned above, numerical models and optimiza- 
tion have shown that purely passive exoskeletons 
made of elastic tendons should in principle be 
capable of reducing the metabolic cost of loco- 
motion for specific movements (90). Such ideas 
have led to the design of exoskeletons for help- 
ing to carry a load with little actuation—for in- 
stance, in an exoskeleton equipped with springs 
at the hip and ankle, and a variable damper at 
the knee (86). 

Going even further, it is possible to harvest 
energy from human walking. One example is the 
use of a knee brace that collects energy at spe- 
cific movements during the walking cycle, during 
late swing when knee muscles normally perform 
negative work to prevent hitting the joint-angle 
limit (9D. Such a device can produce an average 
of 5 W of electricity with little extra effort by the 
wearer. Alternative methods include harvesting 
the energy lost in shoe soles at impacts with the 
ground (92) or in periodic movements of back- 
packs (93). 

Similarly to exoskeletons, powered prostheses 
for ankles and knees have been developed and 
have become commercial products from compa- 
nies such as Ottobock, Ossur, and SpringActive. 
An interesting approach used a simulated neuro- 
muscular model to drive a powered ankle-foot 
prosthesis (Fig. 1K) (20). The controller was based 
on a simulated Hill-type muscle with a positive- 
force feedback reflex, replicating the reflexive 
muscle response based on feedback signals from 
muscle spindles and Golgi tendon organs in hu- 
man walking (94). Compared to other approaches 
that play a fixed torque pattern, the motivation is 
to adjust the torque produced by the prosthesis 
depending on the slope of the terrain and the size 
of steps. The system was tested with a transtibial 
amputee walking on level ground and up and down 
a ramp. It was found that the energy provided 
by the prosthesis was adapted to the type of ter- 
rain and was directly correlated to the ground slope 
angle. Also, the gait characteristics were close 
to those of intact locomotion in terms of the mea- 
sured ankle torque and ankle angle profiles. In 


subsequent work, it was found that the approach 
could successfully be used for speed adaptation 
(95) and that it decreases metabolic cost by 8% 
and increases preferred walking speed by 23% 
relative to using a passive-elastic prosthesis (27). 


Conclusion, future prospects, 
and implications 


Biorobotics is an exciting research area with 
two main objectives: (i) taking inspiration from 
biological principles to design robots that match 
the agility of animals, and (ii) using robots as 
scientific tools to investigate animal adaptive 
behavior. Although the two objectives share many 
common aspects and methods, they also differ 
in some subtle but important points. First, the 
evaluation of success is different. A contribution 
to robotics (i.e., to the first objective) will be con- 
sidered successful if it provides a method that 
is better (according to some performance metric, 
such as speed or energy efficiency of locomo- 
tion) or simpler to implement than alternative 
methods. The RHex robot (54) is a nice example 
of such a contribution. A contribution to biology 
(second objective) will be considered successful 
if it contributes to a scientific theory either by 
formulating new hypotheses, proposing new 
experimental methods, validating experiments 
against animal data, and/or providing new theories 
(e.g., mathematical formulation)—for instance, 
the studies of terradynamics of the sandfish lizard 
(6, 53) and of the tradeoff between stability and 
maneuverability in the glassfish (2). It is im- 
portant for a project to properly define which 
of the two (or sometimes both) objectives it is 
aiming at. Otherwise, there is the risk that a 
project does not contribute to robotics (because 
it does not outperform other methods) nor to 
biology (because it does not satisfy scientific stan- 
dards of well-established hypotheses, methods, 
and experiments). 

A second important point is the choice of the 
level of abstraction and which features of an ani- 
mal should be replicated in the robot. Researchers 
are mostly aware that animal locomotion is not 
“optimal” in any sense, but just “good enough” 
from an evolutionary perspective, and that ani- 
mals and evolution need to satisfy many con- 
straints such as growth, reproduction, metabolism, 
etc., that are not relevant for robot locomotion. 
Therefore, it is important to only replicate the 
key relevant features. For instance, a multiseg- 
mented leg can be approximated with a rotary 
leg driven by a single rotational motor (19, 54, 96), 
and a simple wheeled robot with an active tail 
can be a useful tool to investigate active tail 
stabilization in lizards (97). To formalize the 
choice in the level of abstraction, Full and col- 
leagues introduced the useful concepts of tem- 
plates and anchors (25, 98). A template is “the 
simplest model (least number of variables and 
parameters) that exhibits a targeted behavior” 
(98). For instance, the spring-loaded inverted 
pendulum model of running (99) is a template. 
An anchor is a more elaborate model that takes 
into account many more aspects of the musculo- 
skeletal and the nervous systems (e.g., with 
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multisegmented legs, multiple muscles, and 
multilayered neural control loops). Depending 
on the type of scientific questions, the right 
level of abstraction between template and an- 
chor should be carefully chosen [see (16, 25) 
for in-depth discussions]. 


From robotics to biology 


Biorobots can give something back to biology. 
Like numerical models that are now routinely 
used in any field of science, robots can become 
part of the scientific cycle of making hypotheses 
and predictions, testing them in experiments, 
and iteratively adjusting them toward a scien- 
tific theory (6). 

Robots can be programmed to make repeat- 
able, parameterized experiments (7). They can 
be equipped with multiple sensors to monitor 
relevant variables/quantities that would be dif- 
ficult to measure on an animal [e.g., internal 
forces (11, 62)]. Their morphology can be modi- 
fied in systematic ways (22). They can perform 
movements that would be dangerous for ani- 
mals. They can perform movements that animals 
typically not do (J, 67), allowing one to explore 
whether animal movements are optimizing some 
criteria [see the salamander study that showed 
that the walking trot gait of salamander opti- 
mizes speed (67)]. Given today’s computer and 
communication technologies, they can be con- 
trolled by numerical models (controllers) that 
replicate some parts of the central nervous system 
in great detail. With the right type of actuators 
and materials, they can properly approximate 
viscoelastic properties of the musculoskeletal 
system [e.g., with virtual muscles and torque- 
controlled motors (82), or with muscle-like 
actuation (70)]. In short, robots can be used to 
perform some experiments that would be dif- 
ficult or even impossible to make with animals. 
In the long run, they could even reduce the need 
for some types of animal experimentation. 

Webb extensively discussed the use of robots 
as physical models and proposed seven dimen- 
sions (relevance, level, generality, abstraction, 
structural accuracy, performance match, and 
medium) to characterize and compare models 
(16). As pointed out by Long, the classification 
is not perfect (e.g., the dimensions are rather 
qualitative and lack scales) but is very useful 
to challenge “researchers to explicitly justify 
their use of robots to make and test biological 
hypotheses” (4). 


Why use robots and not simply 
numerical simulation? 


Robots and numerical simulations are comple- 
mentary, and in many cases numerical simula- 
tions precede robotic experiments (6, 19). There 
is a long history of mathematical and numerical 
models of animal locomotion (25); biped loco- 
motion has been modeled using simple abstract 
models (ie., templates) like the spring-loaded 
inverted pendulum model (99), as well as by 
complex neuromechanical (anchor) models (94). 

Robots are better than numerical simulations 
when real (as opposed to simulated) physics is 
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important. This is often the case with locomo- 
tion that involves complex physical interac- 
tions with the environment: swimming in water 
(-3), crawling on sand (6), and walking on mud 
or gravel. Mechanical simulations are now very 
good at computing the dynamics of articulated 
rigid bodies but are less good at correctly sim- 
ulating compliant structures and interaction 
forces with a complex environment. Such prob- 
lems are very complex for various reasons: They 
involve complex geometries, complex physics, de- 
formations of whole structures, multiple mate- 
rials, nonstationary phenomena with often abrupt 
changes, and induced changes in the environ- 
ment (e.g., motion of water, sand, or gravel). For 
instance, consider a salamander robot that 
swims in water in contact with a rocky ground, 
then crosses mud and climbs over a grassy ter- 
rain. Properly formulating all the underlying 
equations of motion and boundary conditions 
is tremendously hard. Finally, as visible from 
the many impressive robots designed by hobby- 
ists, constructing a robot allows for tinkering— 
itself a powerful iterative design process based 
on intuition that can lead to impressive construc- 
tions and that is quite different from creating a 
numerical model on a computer (73). 

There are, however, a number of difficulties 
in using robots for investigating animal loco- 
motion that should not be underestimated [as 
discussed in (29) and briefly reported here]. It is 
difficult to properly replicate the biomechanical 
properties of animal musculoskeletal system 
(e.g., the same number of degrees of freedom, 
the viscoelastic properties, and the mass distri- 
bution). There is therefore a tradeoff between 
the benefits of real physics and the risk of de- 
signing a robot that has significantly different 
dynamics from that of the modeled animal. This 
relates to choosing the right level of abstraction 
between anchors and templates (25, 98). Also, 
some biological sensor modalities such as touch 
and proprioception are still difficult to properly 
replicate with current sensor technology. Fi- 
nally, using robots is sometimes more cumber- 
some than using numerical simulation because 
robots are less adjustable, require a large over- 
head and expertise for construction and main- 
tenance, and are less amenable to extensive 
experiments. 


Future challenges and opportunities 


There remain multiple challenges that roboticists 
and biologists can tackle together. Some of the 
main challenges include designing and control- 
ling robots that are really field-ready, designing 
robots capable of multimodal locomotion, study- 
ing non-steady-state behavior, and quantifying 
and achieving agility. 

Apart from a few exceptions [e.g., (7, 67) and 
robots from BostonDynamics such as RHex (54) 
and BigDog], most biorobots are not yet field- 
ready; they are not sturdy enough to resist water, 
dust, mud, and falls, and cannot adapt their lo- 
comotion to complex environments. A lot of sci- 
entific and engineering work is still needed to 
make robots field-ready, not only in terms of 


mechanics and actuation [e.g., with muscle-like 
variable impedance actuators (70, 100)], but also 
in terms of integrating multimodal sensing for 
perceiving unstructured terrain (e.g., identifying 
the right footholds for walking and climbing), 
adding better proprio- and tactile information 
(e.g., to identify when stuck), and improving 
control. An interesting approach toward sturdi- 
ness and more animal-like mechanical proper- 
ties comes from the rising field of soft robotics 
[see (101) for a review], with the design of ro- 
bust robots that can move in multiple terrains and 
survive harsh conditions (102). Progress toward 
outdoor tests will not only help to make robots 
more useful for applications in search and rescue, 
environmental monitoring, agriculture, trans- 
port, and construction, but will also help (and 
be guided by) research on animal locomotion in 
their natural ecological niches. 

Unlike their biological counterparts (103), few 
robots are capable of multimodal locomotion, 
the ability to switch between different gaits and 
motor behaviors (e.g., a cat running, jumping, 
crawling, climbing, standing up, etc.). Exceptions 
include RHex (and AQUA, its aquatic version) that 
can walk and swim (54, 104), and the salamander 
robot than can swim, crawl, and walk (19). For 
many outdoor applications, the ability to perform 
multimodal locomotion will be important for 
crossing many types of environments without 
getting stuck. Interesting scientific questions re- 
main to be addressed with robots to better un- 
derstand the interplay (and necessary tradeoffs) 
of morphology, energetics, and control in multi- 
modal locomotion. 

Studying non-steady-state behavior is diffi- 
cult. Except possibly for flying (50, 57), most 
studies in biology and in robotics have so far fo- 
cused on steady-state behavior (e.g., analyzing 
periodic gaits of straight-line locomotion at a 
given speed). The main reason for this is that 
making experiments and collecting data for 
non-steady-state behavior is much more diffi- 
cult than for steady-state behavior. But freely 
moving animals are rarely in a steady state: They 
continuously accelerate or decelerate, turn, switch 
between gaits and different motor behaviors, su- 
perimpose motor behaviors, etc. From a dynam- 
ical systems point of view, they are mostly in 
transient mode rather than in a steady state. 
Biorobots, being more amenable to experiments 
than animals, can become key tools to study 
non-steady-state locomotion. 

Related to this, there is still a lack of quantita- 
tive metrics to measure agility, both in animals 
and in robots. Steady-state locomotor perform- 
ance can be assessed using measures such as 
speed of locomotion normalized by body length, 
the cost of transport, the Froude number, and 
the Stroudhal number (24). But the concept of 
agility still has to be properly defined and quan- 
tified. For instance, it would be very useful to 
define normalized agility scores that assess and 
compare how well an animal or a robot turns, 
accelerates, jumps, stands up, etc. A useful at- 
tempt to quantify versatility for robots (defined 
as the ability to cross different types of terrains) 
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can be found in (105). This represents an excit- 
ing opportunity for roboticists and biologists to 
define various agility metrics together, not only 
for assessing existing animals and robots, but 
also for setting targets for the design of the next 
generations of biorobots. 
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Why sister chromatids comigrate 


in the first meiotic division 
Sarangapani et al., p. 248 
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QUANTUM PROCESSING 
Asound proposition for 
quantum communication 


Quantum computers exploit the 
quantum-mechanical proper- 
ties of materials to store and 
manipulate information stored 
in the quantum states of atoms 
or artificial atoms. Although 
there are anumber of quantum 
platforms under investiga- 

tion already, Gustafsson et al. 
present another, based on the 
propagation of sound waves 

on the surface of a crystal (see 
the Perspective by Ruskov and 
Tahan). The ability to tune the 
system and the slow propaga- 
tion speeds of the acoustic 
waves offer new opportunities 
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NEUROPROSTHETICS 
Restoring sensation to amputated limbs 


to control and process quantum 
information. — ISO 


Science, this issue p. 207; 
see also p. 165 


ANIMAL MOTION 
What’s that coming over 
the hill—is it a robot? 


Crossing a slope can be difficult, 
particularly if it is made of sand. 
Sidewinder rattlesnakes manage 
to climb sandy hills by adjust- 
ing the length of their body in 
contact with the sand. Marviet 
al. designed robots based on this 
idea to determine what affects 
climbing ability on sandy slopes 
(see the Perspective by Socha). 
Based on the behavior of the 
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major challenge for amputees—even those who wear prosthetic 


—is the loss of sensation from the missing limb. Tan et al. 
simple electronic cuff around nerves in the upper arm of 
es to activate the neural pathways responsible for hand 
he amputees could then perceive multiple natural 
rosthetic hands and perform fine motor tasks such 
uit and pulling the stalks out of cherries. — OMS 


robots, the authors performed 
further animal studies, and 
used an iterative approach to 
improve the robots’ capabilities 
and to better understand animal 
motion. — MSL 


Science, this issue p. 224; 
see also p. 160 


LUNG CANCER EVOLUTION 
Space, time, and the lung 
cancer genome 


Lung cancer poses a formidable 
challenge to clinical oncologists. 
It is often detected at alate 
stage, and most therapies work 
for only a short time before the 
tumors resume their relent- 
less growth. Two independent 


Published by AAAS 


Sci. Transl. Med. 6, 257ra138 (2014). 


- 
Prosthetic hand: 
holds cherry tomato 


analyses of the human lung 
cancer genome may help explain 
why this disease is so resilient 
(see the Perspective by 
Govindan). Rather than take a 
single “snapshot” of the cancer 
genome, de Bruin et al. and 
Zhang et al. identified genomic 
alterations in spatially distinct 
regions of single lung tumors 
and used this information to 
infer the tumor’s evolutionary 
history. Each tumor showed tre- 
mendous spatial and temporal 
diversity in its mutational pro- 
files. Thus, the efficacy of drugs 
may be short-lived because they 
destroy only a portion of the 
tumor. — PAK 


Science, this issue p. 251, p. 256; 
see also p. 169 
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Close planet friends 
get out of line 


Some “warm” giant exoplan- 

ets orbit much closer to their 
star than do similar planets in 
our solar system. Dawson and 
Chiang argue that understanding 
how such orbits have evolved can 
answer an outstanding ques- 
tion: How do “hot” giant planets 
(which are more common than 
these “warm” ones) get so 

close to their host star? These 
planets frequently have giant 
companions. Numerical simula- 
tions revealed that planets with 
an eccentric giant companion 
may have just the right mutual 
inclination for the inner planet to 
be pushed slowly toward the star. 
This process could then produce 
systems with “warm” rather than 
“hot” Jupiters. — MMM 


Science, this issue p. 212 


Reconstituting the 
right stuff for division 


Cytokinesis, when two daughter 
cells are physically separated 
from one another, is the final 
stage of cell division. How divid- 
ing cells assemble a cleavage 
furrow ready for cytokinesis has 
long interested cell biologists. A 
major stumbling block to probing 
the underlying mechanisms has 
been the lack of a cell-free and 
fully controllable experimental 
system. Now, Nguyen et al. have 
reconstituted cytokinesis organi- 
zation outside living cells, using a 
system derived from frog eggs. In 
the cell-free system, the cell cycle 
state is “frozen,” and the spatial 
scale is unusually large. The 
authors examined the biophysics 
involved in signaling during cyto- 
kinesis over many minutes and 


Microtubule asters 
assembled in vitro 


many micrometers using power- 
ful imaging techniques. — SMH 


Science, this issue p. 244 


Astrocytes’ hidden ability 
to generate neurons 


New neurons could be useful in 
the brain to respond to damage 
done by disease, trauma, or just 
plain age. But the adult brain does 
not produce many new neurons. 
Working in mice, Magnusson et al. 
hunted for intrinsic genetic pro- 
grams that can help adult brains 
produce replacement neurons. 
They found that astrocytes, spi- 
dery cells that are interspersed 
between neurons, carry a latent 
neurogenic program. The ability 
to entice astrocytes to replace 
neurons could obviate the need 
for neuronal replacement 
strategies. — PJH 


Science, this issue p. 237 


Adjusting to fewer kids 
and more elderly 


In many countries, populations 
are aging as retirees live longer, 
and the rates of population 
growth have declined as fewer 
babies are born. These demo- 
graphic changes have evoked 
alarmist predictions that future 
retirement pensions will need to 
be curtailed, constraining future 
generations’ purchasing power. 
Lee et al. point out that com- 
pensatory factors, such as more 
women working more years, 
along with a better educated 
workforce, may mitigate these 
demographic impacts (see 

the Perspective by Smeeding). 
—GJC 


Science, this issue p. 229; 
see also p. 163 


Tree diversity benefits 
light capture 


Higher plant diversity in ecosys- 
tems often benefits ecological 
processes such as nutrient 
cycling and rates of growth. To 
better understand how such 
improvements might work in 
tropical forests, Sapijajankas 

et al. set up experimental 
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and Jesse Smith 


Do young star clusters follow the law? 


ne of the enduring puzzles of astrophysics is how 

mass is distributed among a population of stars at 

their birth. Astronomers currently use modified power- 

law functions in an attempt to describe the initial 

mass function (IMF), effectively a histogram of stellar 
masses. Sami Dib employed Bayesian statistics to find the 
probability distributions of IMF parameters for eight young 
star clusters with similar environments and ages, in order to 
discover if a universally descriptive IMF exists. Surprisingly, 
the resulting parameters did not overlap (within 1 sigma), 
suggesting that there is no universal description for young 
clusters. These findings demonstrate the power and neces- 
sity of Bayesian statistics in IMF studies as next-generation 
telescopes that can resolve stellar populations in many 
more clusters come online. — MMM 


Mon. Not. R. Astron. Soc. 10.1093/mnras/stu1521 (2014). 


plantations in Panama using 
seedlings of native tree 
species and varied the number 
of species in the plots. Eight 
years later, they measured light 
penetrating through the tree 
canopy and found that plots 
with six species captured more 
light and grew taller than those 
with three species or only one. 
The researchers linked these 
effects to changes in tree 
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CONSERVATION 
Needed: Better metrics, 
rigorously tested 


News of species and ecosys- 
tems in peril abound around the 
world. Many governments have 
made commitments to protect 
biodiversity. But how well do we 
understand the changes in our 
natural environment? Different 
metrics, such as species abun- 
dance and extinction risk, can 
give very different impressions 
of conservation success. Collen 
and Nicholson argue that to be 
successful, conservation efforts 
require an agreed set of metrics 
of biodiversity change. These 
metrics may include existing 
as well as new ones and must 
undergo rigorous testing to 
ensure that they are suitable for 
the conservation target that they 
are used for. — JFU 

Science, this issue p. 166 


ORGANIC SYNTHESIS 
Sceptrin goes through 
the looking glass 


Marine sponges produce a 

trio of compounds—sceptrin, 
massadine, and ageliferin— 

that have intrigued chemists 
because they seemed to result 
from ring-forming reactions 
outside the standard repertoire 
of enzyme catalysis. Ma et al. 
now report laboratory syntheses 
of the first two compounds that 
uncover a surprising twist: It 
turns out the real structure of 
sceptrin is the mirror image of 
the originally reported structure. 
The work partially bolsters the 
prevailing biosynthetic hypoth- 
esis, though its revelation of 
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enantiodivergence (the emer- 
gence of distinct mirror-image 
motifs in one compound class) 
is arare event in natural product 
chemistry. — JSY 


Science, this issue p. 219 


WORLD POPULATION 
Global population 
growth continuing 


The United Nations released 
new population projections 

for all countries in July 2014. 
Gerland et al. analyzed the data 
and describe the probabilistic 
population projections for the 
entire world as well as individual 
regions and countries (see the 
Perspective by Smeeding). 
World population is likely to 
continue growing for the rest 

of the century, with at least a 
3.5-fold increase in the popula- 
tion of Africa. Furthermore, the 
ratio of working-age people to 
older people is almost certain to 
decline substantially in all coun- 
tries, not just currently developed 
ones. — BJ 


Science, this issue p. 234; 
see also p. 163 


EARLY UNIVERSE 


A light leak to transform 
the universe 


After the universe had cooled 
into an expanse of neutral gas 
after the Big Bang, how did the 
first starlight emerge from the 
dark? Borthakur et al. found a 
local starburst galaxy that leaks 
continuum radiation, which 
may provide some clues. Wind- 
generated gaps in the neutral 
gas enable large fractions of 
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ionizing radiation to escape, pos- 
sibly mimicking processes in the 
early universe. — MMM 

Science, this issue p. 216 


CONSERVATION TARGETS 
Indicators of 


progress and decline 


The targets set by the 
Convention on Biological 
Diversity in 2010 focused 
international efforts to allevi- 
ate global biodiversity decline. 
However, many of the conse- 
quences of these efforts will not 
be evident by the 2020 deadline 
agreed to by governments of 
150 countries. Tittensor et al. 
analyzed data on 55 different 
biodiversity indicators to predict 
progress toward the 2020 
targets—indicators such as pro- 
tected area coverage, land-use 
trends, and endangered species 
status. The analysis pinpoints 
the problems and areas that will 
need the most attention in the 
next few years. — AMS 

Science, this issue p. 241 


YEAST MEIOSIS 
Monopolin masterfully 
manages meiosis 


Biologists have wondered for 
decades how replicated sister 
chromatids, which normally 
separate during mitotic cell divi- 
sion, instead comigrate during 
the first meiotic division, meiosis 
|. This process segregates 
chromosomal homologs and 

is needed to produce haploid 
gametes after the second, 

more mitosis-like, meiotic divi- 
sion. One hypothesis for sister 


Published by AAAS 


chromatid comigration suggests 
that meiosis |—specific factors 
directly cross-link the sister 
kinetochores that attach each 
sister chromatid to dynamic 
microtubule tips. Yeast pos- 
sesses a putative kinetochore 
cross-linker, known as monopo- 
lin, but monopolin’s precise role 
during meiosis | is unknown. 
Sarangapani et al. isolated func- 
tional meiotic kinetochores from 
yeast cells. They reconstituted 
kinetochore activity in vitro and 
found that monopolin causes 
kinetochore fusion and underlies 
the sister chromatid comigration 
seen in meiosis |. — SMH 

Science, this issue p. 248 


NEUROSCIENCE 
Enhancing pain with 
a growth factor 


Muscle injury is associated 
with inflammation and pain 
and requires muscle growth 
to restore damaged tissue. 
Insulin-like growth factor 1 (IGF-1) 
stimulates muscle growth. Zhang 
et al. report that IGF-1 makes 
sensory neurons more sensitive 
to painful stimuli. |GF-1 increased 
the activation of a voltage-gated 
calcium channel through a G 
protein—dependent pathway in 
mouse sensory neurons, which 
increased neuronal activity. 
Blocking the G protein—depen- 
dent pathway or the calcium 
channel in sensory neurons 
prevented increased sensitiv- 
ity to touch or heat in mice with 
chronic inflammation. Thus, 
targeting this pathway may be a 
therapeutic option for patients 
with chronic pain. — LKF 

Sci. Signal. 7,ra94 (2014). 
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QUANTUM PROCESSING 


Propagating phonons coupled to an 


artificial atom 


Martin V. Gustafsson,”?* Thomas Aref, Anton Frisk Kockum,’ Maria K. Ekstrém,* 


Géran Johansson,’ Per Delsing’* 


Quantum information can be stored in micromechanical resonators, encoded as quanta 
of vibration known as phonons. The vibrational motion is then restricted to the stationary 
eigenmodes of the resonator, which thus serves as local storage for phonons. In contrast, 
we couple propagating phonons to an artificial atom in the quantum regime and reproduce 
findings from quantum optics, with sound taking over the role of light. Our results 
highlight the similarities between phonons and photons but also point to new opportunities 
arising from the characteristic features of quantum mechanical sound. The low 
propagation speed of phonons should enable new dynamic schemes for processing 
quantum information, and the short wavelength allows regimes of atomic physics to be 
explored that cannot be reached in photonic systems. 


he quantum nature of light is revealed and 
explored in its interaction with atoms, 
which can be either elemental or artificial. 
Artificial atoms typically have transition fre- 
quencies in the microwave range and can 
be designed on a microchip with parameters 
tailored to fit specific requirements. This makes 
them well suited as tools to investigate funda- 
mental phenomena of atomic physics and quan- 
tum optics. In the form of superconducting qubits, 
they have seen extensive use in closed spaces 
(electromagnetic cavities), where they have am- 
ple time to interact with confined microwave ra- 
diation (1-3). These experiments have recently 
been extended to quantum optics in open one- 
dimensional (1D) transmission lines, where the 
atom interacts with itinerant microwave pho- 
tons (4-7). We present an acoustic equivalent of 
such a system, where the quantum properties of 
sound are explored, rather than those of light. 
At the intersection between quantum infor- 
matics and micromechanics, recent milestones 
include the coupling between a superconducting 
qubit and a vibrational mode (8, 9), hybrids of 
mechanical resonators and electrical microwave 
cavities (10), and the use of mechanics to interface 
between microwaves and optical photons (JI, 12). 
The system we present here is another manifesta- 
tion of mechanics in the quantum regime, but one 
that differs fundamentally from the suspended 
resonators mentioned above. In our case, the pho- 
nons are not bound to the eigenmodes of any struc- 
ture but consist of surface acoustic waves (SAWs) 
that propagate freely over long distances, before 
and after interacting with an atom in their path. 


lMicrotechnology and Nanoscience, Chalmers University of 
Technology, Kemivagen 9, SE-41296 Goteborg, Sweden. 
“Department of Chemistry, Columbia University, NWC 
Building, 550 West 120th Street, New York, NY 10027, USA. 
*Corresponding author. E-mail: mg3465@columbia.edu (M.V.G.); 
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In the domain of quantum information, SAWs 
with high power have been used to transport 
electrons and holes in semiconductors (13-15). 
This stands in contrast with our use of SAWs, 
where the power is much too low to transport 
charge carriers, and we instead focus on the 
quantum nature of the phonons themselves. 
Fig. 1. Sample and experimental setup. A 
(A) Electron micrograph of the sample 
(top view in false color). The IDT, shown to 
the left, converts electrical signals to SAWs 
and vice versa. It has Nipt = 125 periods of 
fingers, each consisting of one finger from 
each electrode, with a periodicity of 
600 nm. The width of the SAW beam is given 
by the overlap of the fingers, W = 25 um. 
SAWs from the IDT propagate a distance of 
100 um before reaching the qubit, which is 
shown to the right. All electrodes without 
explicit connections are grounded. (B and 
C) Enlargements of the IDT. (D and E) 
Enlargements of the transmon qubit. The 
qubit has Nir = 20 finger periods, with 
double fingers to suppress internal 
mechanical reflections (22, 23, 26). (F) 
Semiclassical circuit model for the qubi 
C;, is the geometric capacitance of the 
finger structure. It is shunted by a SQUID, 
which acts as a nonlinear inductance L, 
that can be adjusted with a magnetic flux 
®. Yair is the acoustic admittance element 
that can pick up a SAW from the IDT (red 
arrow) to produce electrical excitation in 
the qubit and regenerate it as a SAW 
with a phase shift (blue arrow) [(27), 
semiclassical and full quantum model]. In 
addition to SAWs from the IDT, radio- 
frequency signals applied through the 
gate capacitance Cgate can be used to 
address transitions in the qubit. 


+ 


We do this by coupling an artificial atom directly 
to the SAWs through piezoelectricity, so that this 
mode of interaction becomes the dominant one 
for the atom. This means that we can com- 
municate with the atom bidirectionally through 
the SAW channel, exciting it acoustically as well 
as listening to its emission of propagating surface 
phonons. 

The idea that this might be feasible was put 
forward in previous work (J6), where the use of a 
single-electron transistor as a sensitive probe for 
SAWs was demonstrated. Earlier work on the 
interaction between phonons and two-level systems 
includes the demonstration of SAW absorption 
by quantum dots (77) and theoretical treatments 
of phonon quantum networks (78) and phononic 
coupling to dopants in silicon (9, 20). 


The acoustically coupled atom 


Although there are several types of SAWs, we use 
the term to denote Rayleigh waves (21-23), which 
propagate elastically on the surface of a solid 
within a depth of approximately one wavelength. 
At and above radio frequencies (RF), the SAW 
wavelength is short enough that the surface of a 
microchip can serve as a medium of propagation. 
By use of a piezoelectric substrate, SAWs can be 
generated efficiently from electrical signals and 
converted back to the electrical domain after 
propagating acoustically over a long distance on 
the chip. This is used extensively in commercial 
applications such as microwave delay lines and 
filters (22-24). 
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The primary component in a microelectronic 
SAW device is the interdigital transducer (IDT), 
which converts power from the electrical to the 
acoustic domain and vice versa. In its simplest 
form, it consists of two electrodes, each made of 
many long fingers deposited as thin films on a 
piezoelectric substrate. The fingers of the two 
electrodes are interdigitated so that an ac voltage 
applied between the electrodes produces an os- 
cillating strain wave in the surface of the sub- 
strate. This wave is periodic in both space and 
time and radiates as a SAW away from each 
finger. The periodicity Azpr of the fingers de- 
fines the acoustic resonance of the IDT, with the 
frequency given by @mpr = 2200 /Apr Where vo 
is the SAW propagation speed. When the IDT is 
driven electrically at © = wpr, the SAWs emanat- 
ing from all fingers interfere constructively, resulting 
in strong acoustic beams launching from the IDT 
in the two directions perpendicular to the fingers. 

Our sample is fabricated on the (100) surface of 
asemi-insulating GaAs substrate, chosen for its 
piezoelectric and mechanical properties (Fig. 1A). 
The IDT is visible on the left side of the sample, 
with an enlargement in Fig. 1B. It has Njpr = 125 
finger pairs, with an overlapping width of W = 
25 um. The fingers, made of aluminum capped 
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with palladium, are aligned so that the SAW prop- 
agates in the [011] direction of the crystal, at a 
speed vp ~ 2900 m/s. 

In our case, the IDT makes use of internal re- 
flections to achieve strong electro-acoustic power 
conversion that would otherwise be infeasible 
(22, 23). This results in a narrow bandwidth of 
~1 MHz around wpr/2n = 4.8066 GHz. The IDT 
is coupled to a low-noise cryogenic high-electron- 
mobility transistor amplifier via a circulator and 
an isolator. Through the circulator and the IDT, we 
can launch a SAW beam toward the artificial atom, 
which is shown to the right in Fig. 1A with enlarge- 
ments in Fig. 1, D and E. Conversely, the IDT can 
pick up leftward-propagating SAW phonons emitted 
or reflected by the atom. All experiments were done 
in a dilution refrigerator with a base temperature 
of 20 mK, that is, with kgT « ha@pr. At this low 
temperature, the charge carriers in the substrate 
are fully frozen out and the Bose-Einstein distribu- 
tion gives a population of less than 10-* thermal 
phonons per mode around @ypr. 

The artificial atom in our setup is a supercon- 
ducting qubit of the transmon type (25), positioned 
100 um away from the IDT (Fig. 1, A, D, and E). A 
transmon consists of a superconducting quantum 
interference device (SQUID) shunted by a large 


-0.29 -0.28 


0/Oo 


-0.27 


geometric capacitance C,, with charging energy 
Ec = e? /(2Cy). The Josephson energy E; of the 
SQUID can be tuned with a magnetic flux ®. The 
Josephson inductance L; = h?/(4e”E;) forms a 
resonant circuit together with C,,, and the non- 
linearity of L; gives rise to the anharmonic energy 
spectrum that is characteristic for an atom. The 
transmon is ideally suited for coupling to SAWs 
because the shunt capacitance can be designed as 
a finger structure, like an IDT. The charge on C;, 
then relates directly to the mechanical strain of 
Rayleigh waves in the underlying substrate surface. 

The periodicity of the capacitor fingers defines 
the resonance frequency where the acoustic cou- 
pling of the qubit is strongest. By design, the qubit 
and the IDT have the same acoustic resonance 
frequency, ®ypr. The finger structure of the qubit 
has Ni; = 20 periods. In contrast with the IDT, 
each period of the qubit consists of four fingers, 
in a configuration that greatly diminishes inter- 
nal mechanical reflections (22, 23, 26). This, 
along with the lower N;, compared with Nypr, 
means that the qubit has a much wider acoustic 
bandwidth than the IDT (~250 MHz). From the 
geometry and materials of the device, we estimate 
Cj, = 85 fF. In addition to the strong coupling to 
SAWs, the qubit couples weakly to an RF gate 
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Fig. 2. Acoustic reflection measurements. (A) Reflection coefficient |S11| of 
the IDT versus frequency o, with the qubit far detuned (19 > @). The dip in the 
curve represents conversion of applied electrical power into SAWs. The complex 
background reflection acquired with the qubit far detuned has been subtracted 
from panels (B), (D), (E), and (F), which thus show the change |AS11| in total 
reflection coefficient caused by the qubit. (B) |AS11| versus frequency and qubit 
flux, ®/®o. AS ®/®o increases, the first transition frequency of the qubit, ao, 
periodically tunes in and out of the slim band where the IDT can address it 
acoustically. On resonance, the qubit reflects the incoming SAW beam. (C) 
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Periodic modulation of m9 with magnetic flux, fitted to the reflection peaks in 
(B). (D) Enlargement of one reflection peak from (B). (E) Cross section through (D) 
at @ = @jpt (blue). A fit to the theoretical expression for the qubit reflection (red) 
gives the acoustic coupling rate, P'9/2n = 38 MHz. (F) Flux modulation of |AS11| 
versus power applied to the IDT (blue; theoretical fit in red). The rate at which the 
qubit reflects phonons from the incoming coherent beam is limited by the coupling 
rate Tyo. Thus, the acoustic reflection coefficient of the qubit goes to zero for 
Pipt/h@ipt > Vio, and the flux modulation vanishes. This saturation at the single- 
phonon level is evidence for the two-level nature of the qubit. 
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through a capacitance Cgate. The gate (in contrast 
with the IDT) has a high bandwidth, so we can use 
it to excite qubit transitions away from Wypr as 
well as to apply RF pulses. 

The acoustic coupling rate of the qubit, Tyo, is 
an important characteristic of the system, with 
1/Tyo representing the average time it takes the 
qubit to relax from the first excited state |1) to the 
ground state |0) by emitting an acoustic phonon at 
the transition frequency 19. The acousto-electric 
conversion of a finger structure is commonly rep- 
resented as a complex and frequency-dependent 
acoustic admittance element Y,, where electrical 
dissipation represents conversion to SAWs (22, 23). 
By inserting this element into a semiclassical mod- 
el of a transmon, we get the circuit shown in Fig. 1F. 
Here, the qubit is approximated as a harmonic os- 
cillator, and the model is thus not valid for qubit 
states beyond the first excited one, |1). When L,;is 
adjusted so that the transition frequency 0 
between |0) and |1) resonates with opr, Yotr is 
real-valued and we get the coupling strength as the 
power loss rate of the parallel resonant circuit. 
Using this model, we find Tyo = ¢:NirK?@10/ 
/2 = 2n x 30 MHz, where Cg ~ 0.8 is a geom- 
etry factor and K? = 0.07% is a material param- 
eter that defines the strength of the piezoelectric 
coupling [(27), semiclassical model]. 

To analyze our system quantitatively, we have 
developed an extended model that takes the an- 
harmonic nature of the qubit into account [(27), 
full quantum model] (28-33). A fully quantum 
mechanical model for the transmon (25) gives its 
energy levels as 


En, = -Ey + \8E;Ec(n4 5) = — (6n? + 6n + 3) 
In our extended model, we also need to account 
for the spatial extension of the qubit, because it 
interacts with SAWs over a distance of N,, wave- 
lengths. We do this by considering one interac- 
tion point per finger and accounting for the SAW 
phase shifts between the different points. How- 
ever, we assume that the propagation time along 
the qubit is short compared with the inverse cou- 
pling frequency, v9/(MiA) > Tyo. This means 
that each emitted phonon leaves the qubit entire- 
ly before the next one is emitted, an assumption 
that is valid in our experiments. It is interesting 
to note that the opposite limit can be reached, 
where dressed states should form between excita- 
tions in the qubit and phonons localized within its 
finger structure. Our model predicts the same non- 
linear reflection for phonons that has previously 
been observed for photons (4, 5), and we com- 
pare it with experimental data in Figs. 2, 3, and 5. 


Acoustic reflection measurements 


An atom in an open 1D geometry reflects weak 
resonant coherent radiation perfectly (in the ab- 
sence of pure dephasing). This is also predicted 
both by our semiclassical and quantum mechan- 
ical models. However, at irradiation powers 
comparable to or larger than one photon per 
relaxation time, the |1) state of the qubit becomes 
populated to an appreciable degree, which reduces 
its ability to reflect phonons of frequency @o and 
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leads to an increase in transmission (4, 5, 7, 34). 
We measure the nonlinear acoustic reflection of 
the qubit by applying a coherent microwave tone 
of frequency to the IDT, which transmits part 
of the power in the form of a SAW propagating 
toward the qubit. 

On IDT resonance (@ = @ypr), ~25% of the 
applied electrical power reflects against the IDT 
without converting to acoustic power (Fig. 2A). 
Here, the qubit is tuned off resonance so that 
® > w. Of the power that leaves the IDT in the 
form of SAWs, half is emitted in the rightward 
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direction. With all losses accounted for, ~8% of 
the applied electrical power reaches the qubit in 
the form of a SAW [(27), extracted sample pa- 
rameters]. Of the acoustic power that reflects 
against the qubit, an appreciable part converts back 
to electrical power in the IDT and can be detected. 

The qubit resonance frequency ®, is modu- 
lated by the magnetic flux ® applied through the 
SQUID loop, with a periodicity By = h/2e. As we 
tune the flux, we observe an increase in the re- 
flected SAW when 9 coincides with wypr. As 
shown in Fig. 2, B and C, we can fit the flux 
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Fig. 3. Driving the qubit from the gate and listening to its acoustic emission with the IDT. (A) 
Transduction from the gate to the IDT versus driving power and qubit detuning. We apply a continuous RF 
signal to the gate at fixed frequency, @ = wp, and adjust the detuning of the first qubit transition from this 
frequency, Aw19 = ®19 — @ipt. The color scale shows the normalized coherent SAW amplitude detected 
by the IDT. No electrical signal is applied to the IDT. At low applied gate power, the qubit can only be excited 
at zero detuning, where it emits SAWs in proportion to the applied RF amplitude (constant |S12|). At higher 
power, two photons from the gate at @ = 29/2 can excite the |2) state of the qubit, which subsequently emits 
two phonons. For still higher power, photon-to-phonon conversions of increasingly higher orders are visible. (B) 
Theoretical simulation [(27), full quantum model]. The markup shows the values of Ajo, where n photons at 
frequency @pq/n can excite the nth state of the qubit and give rise to the emission of n SAW phonons. 
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Fig. 4. Time-resolved qubit emission. (A) By ap- 
plying microwave pulses to the gate at m = w)pt and 
listening to the qubit in the time domain with the IDT, 
we can clearly determine that the qubit predom- 
inantly emits acoustically. When the qubit is strongly 
detuned (@19 > @\pt), a certain cross-talk reaches 
the transmission line of the IDT from the gate (red). 
This cross-talk is independent of power and frequen- 
cy, and we attribute it to capacitive coupling between 
the transmission lines of the gate and the IDT. With 
the qubit near resonance, 19 = @pr, the transduction 
coefficient increases substantially above the cross-talk level when the acoustic signal adds in phase with 
the cross-talk (blue) and decreases when the SAW and the cross-talk have opposite phases (black). (B) 
Enlargement of (A). The emission from the qubit is observed ~40 ns after the onset of the cross-talk, which 
corresponds to the acoustic propagation time from the qubit to the IDT. 
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modulation 9 (®/®p) to these resonance points. 
The absence of reflection outside the frequency 
band of the IDT shows that acoustic coupling 
strongly dominates over any electrical cross-talk 
between the IDT and the qubit. 

A key characteristic of reflection against an 
atom in one dimension is the nonlinear depen- 
dence of the reflection coefficient on the power 
of the applied coherent tone: Only when the flux 
of incoming phonons is much lower than one per 
interaction time, Psaw /h@ « Tyo, does the qubit 
produce full reflection. As the power increases, 
the |1) state of the qubit becomes partly populated, 
which reduces its ability to reflect phonons of 
frequency yo (4, 5, 7, 34). This power-dependent 
saturation is shown in Fig. 2F. By fitting our 
theoretical model to these data, we find good 
agreement for [yo /2n = 38 MHz with negligible 
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dephasing, which implies full reflection from the 
qubit in the low-power limit. All theoretical plots 
use the same values for the fitted parameters 
[(27), extracted sample parameters]. 


Electrical driving in the steady state 


In addition to the acoustic excitation discussed 
above, we can address transitions in the qubit 
with the electrical gate and use the IDT to pick 
up the SAW phonons that the qubit emits. We 
expect the qubit to selectively emit one-phonon 
states when driven electrically on resonance, in a 
process similar to the nonlinear reflection ob- 
served under acoustic driving (Fig. 3A). With the 
frequency of the RF signal applied to the gate 
fixed at mrpr, we observe the dependence of 
the emitted phonon flux on the qubit detuning 
AQ 9 = ®10 — Mypr as Well as the applied RF po- 
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wer Peate. AS Peate increases from zero, we first see 
acoustic emission from the qubit at A@jy = 0. At 
higher power, additional peaks show up for 
A@ 9 > 0, which correspond to the excitation 
of higher states of the qubit by multiple photons, 
and subsequent relaxation into multiple phonons. 
The offsets between the peaks reflect the anhar- 
monicity of the qubit. Fitting the positions of 
these multiphonon peaks allows us to determine 
the Josephson energy Eyo = E;(® = 0) and Ec 
of the qubit to good accuracy. We find Ejo/h = 
22.2 GHz and Ec/h = 0.22 GHz. This charging 
energy agrees well with our geometry-based es- 
timate of the transmon capacitance. 


Time domain experiments 


The slow propagation of SAWs compared with elec- 
tromagnetic waves allows us to clearly establish 
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Fig. 5. Hybrid two-tone spectroscopy. We apply a continuous acoustic probe 
tone to the IDT with constant frequency mp7 and low power. At the same time, 
a continuous control tone with varying power Pgate and detuning from the 
probe, Ad®gate = gate — MipT: iS applied to the gate. The color scale shows the 
electrical reflection coefficient |S11| of the IDT versus A@gate and the qubit 
detuning A@j19 = 19 — @ pt. (A to C) Experimental data for increasing Peate. 
(D to F) Theoretical simulations corresponding to the experiments in (A) to (C). 
Selected features are highlighted and the corresponding qubit transitions 
illustrated in (G) to (J). (G) In the absence of a control signal on the gate, |S11| is 
modulated by the qubit flux, which is seen in (A) and (D) as a vertical feature at 
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Aajo = 0. (H) For A@gate = A@1o = O, a strong control tone contributes to the 
saturation of the first qubit transition. (I) Provided that the |1) state of the qubit 
is appreciably populated by the control tone, nonlinear acoustic reflection can 
occur also for @21 = @jpt. We observe this when a moderately strong control 
tone is applied at Ogate = 19. (J) For moderate to strong electrical driving of 
the |1) > |2) transition, Rabi splitting of the qubit energy levels gives rise to an 
Autler-Townes doublet (35, 36). For very high control tone power [as shown in 
(F)], higher-order qubit states are populated and subject to Rabi splitting. This 
gives rise to a complex set of features that is well captured by the theoretical 
model [(27), full quantum model]. 
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that the qubit couples to the IDT via phonons 
rather than photons. We do this by applying micro- 
wave pulses to the gate and studying the signal 
that reaches the IDT in the time domain. Figure 4 
shows the results of such experiments using 1 us 
long pulses with frequency ®pr. When the qubit 
is tuned far away from resonance (A@ 9 > Tyo), 
we see a cross-talk signal reaching the IDT from 
the gate. This is virtually independent of frequency, 
and we attribute it to stray capacitance between 
the electrical transmission lines. 

Also, when the qubit is tuned close to its res- 
onance, Aw; ~ 0, the cross-talk signal is the first 
to rise above the noise floor. This leading edge 
serves as a time reference, showing the arrival of 
the electrical pulse to the gate. After the cross-talk 
edge, it takes another ~40 ns before we observe 
the emission from the qubit, which corresponds to 
the acoustic propagation time from the qubit to the 
IDT. This shows unequivocally that the signal from 
the qubit is phononic. The phase of the SAW pho- 
nons emitted coherently by the qubit is sensitive 
to A@,9, and with small variations around Aw), 
we can go from the case where the qubit emission 
and the cross-talk interfere constructively (blue) to 
the case where they interfere destructively (black). 

Because the IDT partly reflects phonons imping- 
ing on it from the qubit, additional features can be 
seen that correspond to acoustic round trips from 
the IDT to the qubit and back. These acoustic re- 
flections add up gradually with time, superimposed 
on the transient response of the IDT, until the 
steady-state signal is established after ~1 us. Just as 
in the steady-state experiments, the acoustic emis- 
sion relative to the applied gate power increases 
with decreasing power Peate, until it saturates at 
P, gate / ho < Tyo a 


Hybrid two-tone spectroscopy 


To characterize the dynamics of the phonon-qubit 
interaction in greater detail, we perform hybrid 
two-tone spectroscopy, where a continuous acoustic 
probe tone with low power is launched from the 
IDT toward the qubit at fixed frequency pr, and 
its reflection is measured. At the same time, we 
vary the qubit detuning Aw; and apply a conti- 
nuous electrical control tone to the gate, with 
varying frequency gate and power Peate. When 
the qubit absorbs photons from the gate, we 
observe an impact on its reflection of phonons 
from the IDT (Fig. 5). 

For low values of Peate, the acoustic reflection 
is modulated only by the qubit detuning, as dem- 
onstrated in Figs. 2, B to E. For higher Peate and 
when Qgate coincides with 10, the control tone 
contributes to the population of the |1) state of 
the qubit. When the frequencies of the probe and 
control tones coincide, this results in saturation 
of the |0) — |1) transition, as seen in Fig. 2F. If 
the control tone is tuned to populate the |1) state 
of the qubit and the condition .; = @jpr = 
2n x 4.8066 GHz is fulfilled, the |1) — |2) tran- 
sition exhibits nonlinear acoustic reflection. 

For still higher control powers, we observe a 
rich set of spectral features, which agrees well 
with our model [(27), full quantum model]. Of 
particular interest is the Autler-Townes doublet, 
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which is caused by Rabi splitting of the |1) state 
at strong electrical driving of the |1) — |2) tran- 
sition (35, 36). 


Outlook and summary 


Our SAW device occupies a middle ground between 
fixed mechanical resonators and transmission 
lines for free photons, and it is relevant to com- 
pare its features with both of these related systems. 

Although their itinerant nature is an essential 
property of SAW phonons, they can also be con- 
fined into cavities by on-chip Bragg mirrors. Such 
cavities compare well with suspended resonators 
also in other respects than their natural integration 
with propagating waves: They can be fabricated for 
mode energies well above k,T for temperatures 
attainable with standard cryogenic equipment, 
and because the motion takes place directly in 
the cooled substrate, thermalization is excellent. 
The few available studies also indicate that high- 
frequency SAW cavities can have comparatively 
high quality factors at low temperature (37, 38). 

In comparison to photons, SAW phonons have 
several striking features. Their speed of propa- 
gation is lower by a factor of ~10°, and their 
wavelength at a given frequency is correspond- 
ingly shorter. The slow speed means that qubits can 
be tuned much faster than SAWs traverse inter- 
qubit distances on a chip. This enables new dynamic 
schemes for trapping and processing quanta. 

SAW phonons furthermore give access to a 
regime where the size of an atom substantially 
exceeds the wavelength of the quanta it interacts 
with. This is the opposite of the pointlike inter- 
action realized so far in photonics, cavity quan- 
tum electrodynamics (QED), and circuit QED (28). 
In our device, the qubit is a modest factor Mi = 
20 times longer than the SAW wavelength, but 
this can be extended substantially in a device 
designed for such investigations. 

In the device presented here, the coupling 
strength between SAWs and the qubit is also 
moderate. This is necessary to discriminate be- 
tween the different qubit transition energies due 
to the low anharmonicity of the transmon design. 
However, in a strongly piezoelectric material such 
as LiNbOs, the many coupling points of an IDT- 
shaped qubit should make it possible to reach 
the regimes of “ultrastrong coupling” (31, 39, 40), 
Tio 2 ®y/10 and even “deep strong coupling” 
(4D, Tyo = yo, which are difficult to access with 
the standard electrical dipole coupling of pho- 
tonic systems. 

In conclusion, we have demonstrated nonclas- 
sical interaction between surface acoustic waves 
and an artificial atom in the regime of strong 
coupling. Our experiments suggest that phonons 
can serve as propagating carriers of quantum in- 
formation, in analogy with itinerant photons in 
quantum optics. The data are in good quantita- 
tive agreement with a theoretical quantum model, 
which captures the nonlinear acoustic reflection 
and relaxation of the atom. These results open up 
new possibilities in quantum experiments, because 
SAWs can reach regimes of coupling strength 
and time domain control that are not feasible 
with photons. 
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PLANETARY DYNAMICS 


A class of warm Jupiters with 
mutually inclined, apsidally 
misaligned close friends 


Rebekah I. Dawson* and Eugene Chiang 


The orbits of giant extrasolar planets often have surprisingly small semimajor axes, large 
eccentricities, or severe misalignments between their orbit normals and their host stars' 
spin axes. In some formation scenarios invoking Kozai-Lidov oscillations, an external 
planetary companion drives a planet onto an orbit having these properties. The mutual 
inclinations for Kozai-Lidov oscillations can be large and have not been confirmed 
observationally. Here we present evidence that observed eccentric warm Jupiters with 
eccentric giant companions have mutual inclinations that oscillate between 35° and 65° 
Our inference is based on the pairs’ observed apsidal separations, which cluster near 90° 
The near-orthogonality of periapse directions is effected by the outer companion's 
quadrupolar and octupolar potentials. These systems may be undergoing a stalled version 
of tidal migration that produces warm Jupiters over hot Jupiters, and they provide 
evidence for a population of multiplanet systems that are not flat and have been sculpted 


by Kozai-Lidov oscillations. 


lanet-planet scattering (7), secular chaos (2), 

and Kozai-Lidov oscillations (3, 4) induced 

by a stellar (5) or planetary (6) perturber 

are each capable of exciting the eccentric- 

ities of giant planets (7, 8), of shrinking 
orbits by tidal friction to form close-in hot Jupiters 
[having semimajor axes a < 0.1 astronomical unit 
(AU)], and of tilting hot Jupiters’ orbit normals 
away from their host stars’ spin axes (9-14). 

There are two outstanding issues with these 
models. First, they require or produce large in- 
clinations between planetary orbits. These have 
not yet been observed. Most of the few systems 
with measured mutual inclinations are composed 
of planets on coplanar, low-eccentricity, mean- 
motion resonant orbits, such as GJ 876 (15) and 
Kepler-30 (16). This breed of system is thought to 
result from gentle disk migration (77), not from 
Kozai oscillations, planet scattering, or secular 
chaos. The two exceptions contain well-spaced (i.e., 
nonresonant) giant planets. Based on astrometry 
with the Hubble Space Telescope fine guidance 
sensor, a mutual inclination of 30° between 
Upsilon Andromeda c and d was inferred (J8). 
From transit timing variations, a mutual incli- 
nation of 9°*8 between Kepler-419 (KOI-1474) b 
and c was measured (19). 

The second problem is that current models do 
not easily produce warm Jupiters, located exte- 
rior to hot Jupiters but interior to the pileup of 
giant planets at 1 AU (20). Although intrinsically 
rare, warm Jupiters promise to distinguish among 
models by serving as the exception that proves the 
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orbital distances collide and circularize before their 
velocity dispersions become too elevated (21). Yet 
most of their observed eccentricities are also too 
low to be easily accommodated within formation 
scenarios for hot Jupiters that invoke tidal mi- 
gration (22), because warm Jupiters’ current pe- 
riapses are too far from their host stars for tidal 
friction to operate effectively. 

One possibility (23) is that eccentric warm 
Jupiters are undergoing “slow Kozai” (24) mi- 
gration driven by an external, mutually inclined 
companion. In this interpretation, warm Jupiters 
are observed today at the low-eccentricity phases of 
their secular Kozai cycles and only rarely attain 
eccentricities high enough for tidal friction to 
operate. For Kozai oscillations to not be quenched 
at these small semimajor axes by general relativ- 
istic precession, the external perturber must be 
nearby: It must be a “close friend” (23), in contrast 
to a “cold friend” (25). Supporting the possibility 
of migration driven by close friends, eccentric warm 
Jupiters orbit stars more enriched in metals— 
and therefore more likely to host multiple giant 
planets—than those of their circular counterparts 
(26). Indeed, the warm Jupiters known to have 
external giant planetary companions exhibit a 
broader range of eccentricities than solitary warm 
Jupiters (23). A key question is whether the mutual 
orbital inclination Zu: between warm Jupiters and 
their exterior companions exceeds 39.2°, the min- 


rule. Many warm Jupiters have present-day ec- 
centricities too high to have resulted from planet- 
planet scattering, because giant planets at small 


imum angle required to excite Kozai oscillations in 
the quadrupole approximation (3, 4). Unfortu- 


nately, nearly all of these planets are detected by 
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Fig. 1. Apsidal misalignments between pairs of 
1 10 100 . 1000 planets and the large mutual inclinations im- 
angular momentum ratio plicated. (A) Sky-projected periapse separations 
|A@s,y| of planetary pairs, where -180° < |A@s,y| < 180° The sample includes all RV- and transit-discovered 
pairs with well-constrained (30) eccentricities and arguments of periapse. No mass or semimajor axis cut 
is made on the black diamonds. The red circles (corresponding to systems shown also in Figs. 2 and 3 and 
figs. Sl to S5) and crosses (HD 82943 and Kepler-419) represent warm Jupiters with only one known 
companion beyond 1 AU. All six of the red circles (51) lie close to |Ams.y| = 90°; i.e., their apsides are 
strongly misaligned. For calculation of the abscissa values, the orbital angular momentum is evaluated as 
Mm Sin isuy\/a(1 — e2). (B) Fraction of time that |A@.,,| spends near 90° as a function of median mutual 
inclination, for stable simulations of systems corresponding to five of the six red circles (the same five are 
shown in Fig. 2). HD 202206 is omitted; its architecture and apsidal behavior differ from those of the five 
(fig. S5). Each simulation is consistent with the observed orbital elements, but only those with jjnut near 40° 
spend extra time at |A@sxy| ~ 90° The fractional time is evaluated for 75° < |A@sy| < 135°; this window is 
centered on 105° instead of 90° because of general-relativistic precession. 
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the radial velocity (RV) method, which does not 
yield tut directly but instead measures a given 
planet’s a, eccentricity e, minimum mass m sin 
isxy (where ig is the orbital inclination with re- 
spect to the sky plane), and argument of periapse 
@sky (referred to the sky plane). 

However, the sky-projected apsidal separation 
of a planetary pair, Am,,,, can be a clue to tmut 
(27). In the invariable plane, the difference in 
apsidal longitudes A@iny (for which A@giy is our 
observable proxy) is often found near 0° or 180° 
for pairs of coplanar planets, either in the secular 
limit (28) or in the 2:1 mean-motion resonance 
(77). In contrast, for highly inclined systems there 
is no such preference to find A@jny near 0° or 
180°, at least for secular systems (27). The behav- 
ior of AMjny is directly reflected by its projection 
Ay. Figure 1A displays |A@,.y| for RV-detected 
planetary pairs (29), some of which include warm 
Jupiters but most of which do not, with well- 
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constrained (30) e and Wg, as a function of 
angular momentum ratio. Most systems with 
angular momentum ratio > ~3 have |A@g.y| near 
0° and 180° But some pairs with similarly large 
ratios are clustered near 90°. 

The cluster of systems having |AWs,y| ~ 90° 
includes eccentric warm Jupiters with eccentric 
close friends. In fact, if we turn the problem 
around and consider only those systems with 
eccentric pairs consisting of one warm (0.1 <a < 
1 AU) and one “balmy” (a > 1 AU) Jupiter (de- 
fined as m sin tg > 0.1 Myypiter) Without regard 
for |Aw,,,|, then of the eight systems (31) so 
selected (red symbols in Fig. 1A), six (red circles) 
have |A@,.,| near 90° (HD 147018, HD 38529, 
HD 168443, HD 74156, HD 169830, and HD 
202206). The two systems we know or expect to 
have low mutual inclinations (red crosses) are 
not among these six pairs with |Aw.,,y| clustered 
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Fig. 2. Sample time histories of apsidal misalignment for five planetary pairs of warm Jupiters 
and their outer companions. Initial conditions are taken from table S1, with additional orbital 
angles indicated in the legend. For every history shown, the mutual inclination between the pair of 
planets varies within an interval that does not fall outside of 35° to 65° (Top) On short time scales, the 
apsidal separation lingers near 90° or 270° (Middle) Over longer time scales, the apsidal misalignment 
librates about 180° with an amplitude of 90° (Bottom) Relative occurrence of either the apsidal separation 
evaluated in the invariable plane (AW) or the sky-projected apsidal separation (A@s,y), in uniformly 
spaced bins, indicating that these angles spend excess time near 90° and 270° Because of the lower 
oscillation frequencies characterizing HD 38529 and HD 74156, for these two systems we plotted t/3 as 
the abscissa in both top and middle rows. Unlike the systems shown here, HD 202206 is situated near the 
5:1 resonance, and its inner planet is almost certainly more massive than its outer planet (table S1); its 
dynamics is explored in fig. S5. 
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brating in the 2:1 mean-motion resonance (32), 
which interferes with the purely secular inter- 
actions we studied by driving apsidal precession 
on a shorter, resonant time scale. Another out- 
lier is the transit-detected system Kepler-419 (top 
red cross), which was recently found to host an 
eccentric pair of one warm and one balmy Ju- 
piter having a low (9°*§) mutual inclination and 
an apsidal separation of |A@sxy| = 179.8°797 (19). 
The orbital elements of all eight systems are 
listed in table S1. 

Here we argue that the ~90° apsidal misalign- 
ment between warm Jupiters and their close 
friends signifies a mutual inclination of ~40°, 
just above the lower limit for Kozai oscillations. 
For each of the six systems identified above (33), 
we performed ~1000 numerical orbit integra- 
tions, starting with initial conditions that ran- 
domly assign the two angles not constrained by 
the radial-velocity data, ig and Q.,,, the latter 
being the longitude of the ascending node on the 
sky plane (with the mass m chosen to satisfy the 
measured m sin i,,). These angles are drawn 
(independently for each planet) from a uniform 
distribution spanning —1 < cos igy < 1 and 0° < 
Qs < 360% resulting in an isotropic distribution 
of orbits. For an additional 180 simulations, we 
fixed tay = Usky.2 = 90° and Qa, = 0% and drew 
Qsty1 from a uniform distribution spanning 0° to 
180°. The eccentricities, semimajor axes, mean 
anomalies, and @,,y’s are set to those observed. 
All numerical integrations in this paper used the 
N-body code Mercury6 (34), with the Bulirsch- 
Stoer integrator (bs) modified to include general- 
relativistic precession (35). 

In Fig. 1B, we plotted the fraction of time that 
each simulated stable system spends having 75° < 
|A@g.y| < 135% as a function of median mutual in- 
clination, for five of our six systems (the sixth is a 
special case discussed below). A separation of 
A@gy = 270° = —90° is equivalent to 90° in that both 
yield |Aw,,,| = 90° Each simulation was inspected 
by eye to ensure that the integration duration was 
long enough to sample the behavior of A@g,; in- 
tegration durations range from 0.15 to 100 million 
years. A similar exploration of parameter space 
(36) was performed for two of our systems, HD 
38529 and HD 168443, but without our aim of 
identifying regions of parameter space where 
|A@giy| lingers near 90°. As illustrated in Fig. 1B, 
in the five systems we encounter configurations 
in which |A@,,,| spends excess time near 90°, but 
only for median imu ~ 395 near Kozai’s critical 
inclination. For such systems, |A@,y| spends 
one-half to two-thirds of the time between 75° 
and 135°, depending on initial conditions. In 
comparison, uniform circulation of |A@.,y| gives 
a fractional time of one-third. Nearly coplanar 
systems for which |Aw,,,| librates about 0° or 
180° may spend no time at all in the desired range. 
Such realizations are inconsistent with the radial- 
velocity data and accordingly do not appear in 
Fig. 1B. The sixth system, HD 202206, is distinc- 
tive because its warm Jupiter is much more 
massive than the outer companion and because it 
lies near the 5:1 resonance. For this system, we still 
encounter configurations with iy ~ 40° that 
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spend excess time with |A@,,,| near 90°, but not 
in the conventional range of 75° to 135° An 
example is shown in fig. S5. 

We reiterate that those integrations exhibit- 
ing libration of |A@,,y| about 90° all have tmut 
close to 39.2°; typically, 7mut varies within an 
interval that does not fall outside 35° to 65° over 
the course of a given integration. In contrast, 
nearly coplanar, polar, or retrograde configura- 
tions consistent with the radial-velocity data have 
|A@s.y| circulating in the integrations we per- 
formed. Figure 2 shows examples of how the 
apsidal separation lingers near 90° and 270°, in 
the sky plane and invariable plane, over many 


secular oscillations. The desired libration of |A@g,| 
does not require a finely tuned viewing geometry 
or set of initial conditions. Regarding viewing 
geometry, the libration of |Am,,,| is similar to 
that of |A@jny| for most observer orientations. 
Taking a single integration of HD 147018 for which 
|A@iny| Spends 60% of its time between 75° and 
135° in the invariable plane, we viewed this system 
from the vantage points of 500 isotropically 
distributed observers. We find that 60% (80%) of 
observers measure 75° < |A@g,y| < 135° at least 50% 
(40%) of the time. Measurements from four exam- 
ple observers are given in the right column of Fig. 
2. Regarding initial conditions, we numerically 
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Fig. 3. Orbital evolution of HD 147018b, calculated using an N-body simulation and using a secular 
Hamiltonian expanded to octupolar order. Plotted are the time evolution of the mutual inclination (row 
1), eccentricity of the inner warm Jupiter (row 2), apsidal separation (row 3), and near-canceling con- 
tributions to the apsidal separation from the quadrupolar and octupolar potentials (row 4). The simulation 
was performed in the invariable plane. Initial conditions were for the HD 147018 system (table S1) with 
isky = 90° and AQgxy = 39° corresponding to imut = 39° and to angles {i; = 35.6°, w; = 66.0° Q; = 0°} and 
{iz = 3.4°, 2 = 136.9%, Qe = 180°} in the invariable plane. All black curves in this figure are taken from the 
same Mercury6 N-body integration underlying the black curves in the left column of Fig. 2. Red curves are 
for a test particle integrated using Lagrange's equations of motion for the octupolar Hamiltonian (39). The 
bottom row is computed by separating the Hamiltonian into the quadrupolar terms (dotted line) and 
octupolar plus general-relativistic terms (solid line); by evaluating their respective contributions to w, using 
Lagrange’s equations of motion; and by integrating w , setting the constant of integration to zero for 
simplicity. (The quantities e and imut are computed from the full Hamiltonian.) The sum of the dotted and 
solid curves in the bottom row equals the deviation of the red curve in the third row from its initial value. The 
secular behavior of the test particle reproduces qualitatively well that of the full N-body integration. 
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integrated different realizations of the five systems 
shown in Fig. 2, ignoring all observational con- 
straints on ®,,, and starting from various com- 
binations of initial {@iny1, Dinv2, tmutt, With 35° < 
tmut < 65°. To simplify and speed up these cal- 
culations, we approximated the inner planet as 
a test particle and integrated the secular equa- 
tions of motion. Among the many realizations 
thus constructed (three are shown in fig. S6 along 
with accompanying surfaces of section), we find 
that it is not unusual for A@;n, (and by extension 
A@sy) to linger near 90°/270°; ie., it is not un- 
common for A@jny to librate about 180° with a 
libration amplitude of 90° Actually, depending 
on initial conditions, A@;,, can librate about 
either 180° or 0° with a variety of amplitudes, 
as well as circulate, and we discuss later why 
warm Jupiters may prefer a libration amplitude 
near 90°. 

The apsidal libration we observed has been 
seen in other celestial mechanical contexts; it is 
qualitatively similar to the “artichoke-shaped” 
(37) libration exhibited by Saturn’s irregular 
satellites Narvi (38) and, for some initial con- 
ditions, Pasiphae (37, 39). Both Narvi and Pasiphae 
orbit Saturn with inclinations of ~140° with re- 
spect to the plane of Saturn’s orbit about the Sun. 
In the context of triple stellar systems, “beatlike” 
patterns with superposed short- and long-time 
scale oscillations, similar to those shown in Fig. 2, 
were noticed in the modeled eccentricity varia- 
tions of systems with Zu ~ 40° and attributed to 
interference between the quadrupolar and octu- 
polar potentials (40). The configurations of in- 
terest here do not lie near any border between 
circulation and libration; i.e., A@jny librates about 
180° with an amplitude of 90° not 180°. In par- 
ticular, the dynamics responsible for how |A@iny| 
lingers near 90° is dissimilar from the “borderline” 
behavior of nearly coplanar systems in which 
|A@inv| Speeds through 180° but does not linger 
near 90° (41, 42). 

We can reproduce the observed libration of 
A@iny by approximating a warm Jupiter as a 
test particle perturbed by an exterior body and 
solving Lagrange’s equations of motion using a 
secular disturbing potential expanded to octu- 
polar order (39), including general-relativistic 
precession of both planets’ orbits (35). The octu- 
polar potential plays an essential role in gener- 
ating a precession rate dAQ@jn,y/dt that cancels, 
on average, the precession rate induced by the 
quadrupolar potential; the net result is that 
AQiny librates. Therefore, the perturber must 
not only be near enough to dominate general- 
relativistic precession (5, 23) but must also be 
eccentric: The strength of the octupolar poten- 
tial is proportional to the perturber’s eccentric- 
ity. The importance of the octupolar potential 
has only recently been recognized in the exo- 
planet literature (6, 40). A popular application 
has been to flip an interior body from a pro- 
grade to retrograde orbit at large eccentricities 
(6, 43, 44, 45-47). A low mutual inclination, 
well below Kozai’s critical angle, is sufficient to 
spur such a flip if the inner planet’s eccentricity 
is high enough (46, 47). The regime explored 
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here, which produces warm Jupiters with the 
observed clustering of |A@s;y| near 90°, is com- 
plementary: Both the inner and outer planets’ 
eccentricities are too modest for the octupolar 
potential to effect flips, and 7,,,; remains near 
40°, a prograde configuration. We deduced that 
our six systems with warm Jupiters and close 
friends are prograde, with iy, ~ 40° rather than 
retrograde with zu: ~ 140° because in the latter 
CASE Osky, + Wsky,2 Would librate rather than 
Osky,1 — Osky,2 (39). 

It is no coincidence that our six warm Jupiter 
systems are all characterized by mutual inclina- 


tions abutting Kozai’s minimum angle. In our 
regime in which the quadrupole potential still 
dominates and planetary eccentricities are low 
enough to avoid flips, 39° is the inclination that 
coincides with maximum eccentricity (minimum 
periapse) and hence maximum tidal dissipation. 
Orbital decay during this maximum-eccentricity, 
minimum-inclination phase of the Kozai cycle 
naturally leads to an abundance of tidally mi- 
grated warm Jupiters with zy: near 39° to 65° 
(48). The octupolar potential is not strong enough 
for our systems to alter this feature of quadrupolar 
Kozai cycles (6, 48). At the same time, the reason 
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Fig. 4. Tidal migration under a secular potential expanded beyond quadrupolar order can produce 
a stalled warm Jupiter. Plotted are the time evolution of the inner planet's semimajor axis, periapse 
distance, mutual inclination with the outer planet, and apsidal separation, integrated using the test particle 
Hamiltonian expanded to hexadecapolar order (39); practically identical results are obtained with the 
octupolar Hamiltonian. Overplotted are results from the Hamiltonian including only up to quadrupolar 
terms (red dashed line) in which the inner planet fails to stall and instead becomes a hot Jupiter. General- 
relativistic precession is included for both planets (35). Tidal evolution was implemented using a constant 
tidal quality factor of 10°, a Love number of 0.26, and a planetary radius of 1 Jupiter radius (5). Tides raised 
on the star are not included because they are weak compared to tides raised on the planet at these semi- 


major axes. The tidal forcing frequency is set to nae (22). The outer planet has az = 1.923 AU, 
1: 7 SL 


€2 = 0.133, and M2 = 6.59 Mjupiter. Matching HD 147018c, and initial {i2 = O° w2 = 17.2° Qe = 180°}. The 
inner planet (test particle) has initial a; = 1 AU, e; = 0.9, and {i,; = 65°, w, = 38.4° Q; = O°}. With these 
choices, the eccentricity of the inner planet reaches a minimum of 0.33 at time = 220 years during the 
first Kozai cycle. The early tidal evolution, over the first ~20 million years, is subject to planet-planet 
scattering in a full N-body treatment; as such, the origin story portrayed in this figure is meant only to 
illustrate the concept of stalling, not to be definitive. This figure ends at ~200 million years, but similar 
histories spanning a few billion years are just as possible for different initial conditions or tidal efficiency 
factors. 
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why warm Jupiters have not completed their 
migration to become hot Jupiters is because of the 
special octupole-modified nature of their eccen- 
tricity variations. The usual (quadrupole) Kozai 
oscillations of eccentricity, which occur over 
the short nodal precession period, are modulated 
by an octupole-induced envelope (49) of much 
longer period following that of apsidal libration 
(Fig. 3 and figs. S1 to S5). The envelope period is 
approximately (a@2/a;) (1 — é2)/es longer than the 
Kozai time scale (46). This long-period modula- 
tion prevents eccentricities from surging too 
often and renders migration even slower than 
the “slow Kozai” migration described in (24). Such 
“super slow” evolution is similar to the “step” mi- 
gration seen at high tut (6), except without the 
transition from prograde to retrograde orbital mo- 
tion and the accompanying rapid tidal circular- 
ization. In the gentle and intermittent migration 
considered here, warm Jupiters reach the small 
periapses characterizing hot Jupiters only at the 
peaks of their eccentricity envelopes. As a proof 
of concept, we performed an integration of the 
secular equations of motion including tidal fric- 
tion (Fig. 4). The warm Jupiter undergoes super 
slow tidal migration in which it librates apsidally 
and stalls in semimajor axis. A libration ampli- 
tude for A@j,y near 90° enables super slow mi- 
gration. If the libration amplitude were smaller, 
or if the apsidal separation were to circulate, then 
the envelope modulating the eccentricity would 
be less peaky, and the interior planet would spend 
more of its time near its maximum eccentricity. If 
the libration amplitude were larger, then not only 
would the apsidal separation be more prone to 
circulate given a small perturbation, but the sys- 
tem would also be more vulnerable to retrograde 
flips and concomitant eccentricity surges (e—1). 
The upshot of all these scenarios (fig. S7) in which 
A@iny does not librate with an amplitude of 90° is 
that tidal migration, once begun, would rapidly 
complete and spawn a hot Jupiter. 

The class of warm Jupiters we have identified 
is similar to the predicted class of Kozai-oscillating 
warm Jupiters (23), except that here the octupolar 
field generated by the eccentricity of the exterior 
perturber plays a starring role in effecting the ob- 
served near-orthogonality of periapse directions 
and in braking tidal migration. The mutual in- 
clination of Zyut ~ 35° to 65° that we have inferred 
from the measured apsidal misalignment attests 
to how the Kozai mechanism, working between 
planets, has indeed shaped planetary systems. Al- 
though large inclinations between hot Jupiters’ 
orbital planes and the equatorial planes of their 
host stars are well established, our finding pro- 
vides evidence that pairs of more-distant giant 
planets are themselves highly mutually inclined 
(although still prograde), in stark contrast to the 
flatness of solar system planets. The origin of such 
large inclinations is a mystery; planet-planet scat- 
tering (J) or secular chaos (2) are possibilities. 


REFERENCES AND NOTES 

1. F.A. Rasio, E. B. Ford, Science 274, 954-956 (1996). 
2. Y. Wu, Y. Lithwick, Astrophys. J. 735, 109 (2011). 

3. Y. Kozai, Astron. J. 67, 591 (1962). 

4. M.L. Lidov, Planet. Space Sci. 9, 719-759 (1962). 


10 OCTOBER 2014 + VOL 346 ISSUE 6206 215 


RESEARCH | REPORTS 


5. Y. Wu, N. Murray, Astrophys. J. 589, 605-614 (2003). 
6. S. Naoz, W. M. Farr, Y. Lithwick, F. A. Rasio, J. Teyssandier, 
Nature 473, 187-189 (2011). 
7. G. Takeda, F. A. Rasio, Astrophys. J. 627, 1001-1010 (2005). 
8. M. Juri¢, S. Tremaine, Astrophys. J. 686, 603-620 (2008). 
9. D. Fabrycky, S. Tremaine, Astrophys. J. 669, 1298-1315 
(2007). 

0. Y. Wu, N. W. Murray, J. M. Ramsahai, Astrophys. J. 670, 
820-825 (2007). 

1. S. Chatterjee, E. B. Ford, S. Matsumura, F. A. Rasio, Astrophys. 
J. 686, 580-602 (2008). 

2. M. Nagasawa, S. Ida, Astrophys. J. 742, 72 (2011). 

3. T. D. Morton, J. A. Johnson, Astrophys. J. 738, 170 (2011). 

4. S. Naoz, W. M. Farr, F. A. Rasio, Astrophys. J. Lett. 754, L36 

(2012). 

. J. Rivera et al., Astrophys. J. 719, 890-899 (2010). 

. Sanchis-Ojeda et al., Nature 487, 449-453 (2012). 

. H. Lee, S. J. Peale, Astrophys. J. 567, 596-609 (2002). 

. E. McArthur et al., Astrophys. J. 715, 1203-1220 (2010). 

. |. Dawson et al., Astrophys. J. 71, 89 (2014). 

. Cumming et al., Publ. Astron. Soc. Pac. 120, 531-554 
(2008). 

21. C. Petrovich, S. Tremaine, R. Rafikov, Astrophys. J. 786, 101 
(2014). 

22. A. Socrates, B. Katz, S. Dong, http://arxiv.org/abs/1209.5724 
(2012). 

23. S. Dong, B. Katz, A. Socrates, Astrophys. J. Lett. 781, L5 
(2014). 

24. C. Petrovich, http://arxiv.org/abs/1405.0280 (2014). 

25. H. A. Knutson et al., Astrophys. J. 785, 126 (2014). 

26. R. |. Dawson, R. A. Murray-Clay, Astrophys. J. Lett. 767, L24 
(2013). 

27. E. |. Chiang, S. Tabachnik, S. Tremaine, Astron. J. 122, 
1607-1615 (2001). 

28. T. A. Michtchenko, R. Malhotra, Icarus 168, 237-248 (2004). 

29. Queried from the Exoplanet Orbit Database (EOD) at 
exoplanets.org (50) on 8 April 2014. 

30. Eccentricity was detected at two-sigma, and Aws,y was 
detected with an uncertainty of <40° 

31. We selected for eccentric warm Jupiters with only one known 
companion, because additional companions can disrupt Kozai 
oscillations. Our selection criterion thus excludes planetary 

pairs that are members of the 55 Cnc, upsilon Andromeda, mu 

Arae, HIP 14810, Kepler-9, and Kepler-30 systems. Moreover, 

each of these systems also has a close-in (a < 0.1 AU) planet 

hat would be disrupted if the warm Jupiter were to attain 
periapse distances small enough for tidal circularization. 

32. X. Tan et al., Astrophys. J. 777, 101 (2013). 

33. For HD 202206c, modification of the semimajor axis from the 

best-fit value was required to avoid libration in the 5:1 

resonance. See the supplementary materials for details. 

34, J. E. Chambers, Mon. Not. R. Astron. Soc. 304, 793-799 
(1999). 

35. D. C. Fabrycky, in Exoplanets, S. Seager, Ed. (Univ. of Arizona 
Press, Tuscon, AZ, 2011), pp. 217-238. 

36. D. Veras, E. B. Ford, Astrophys. J. 715, 803-822 (2010). 

37. A. L. Whipple, P. J. Shelus, Icarus 101, 265-271 (1993). 

38. J. Correa Otto, A. M. Leiva, C. A. Giuppone, C. Beaugé, Mon. 
Not. R. Astron. Soc. 402, 1959-1968 (2010). 

39. T. Yokoyama, M. T. Santos, G. Cardin, 0. C. Winter, Astron. 
Astrophys. 401, 763-772 (2003). 

40. E. B. Ford, B. Kozinsky, F. A. Rasio, Astrophys. J. 535, 385-401 

(2000). 
. R. Barnes, R. Greenberg, Astrophys. J. Lett. 659, L53-L56 
(2007). 

42. E. B. Ford, IAU Symp. 249, 441-446 (2008). 

43. B. Katz, S. Dong, R. Malhotra, Phys. Rev. Lett. 107, 181101 
(2011). 

44. Y. Lithwick, S. Naoz, Astrophys. J. 742, 94 (2011). 

45. S. Naoz, W. M. Farr, Y. Lithwick, F. A. Rasio, J. Teyssandier, 
Mon. Not. R. Astron. Soc. 431, 2155-2171 (2013). 

46. G. Li, S. Naoz, B. Kocsis, A. Loeb, Astrophys. J. 785, 116 
(2014). 

47. G. Li, S. Naoz, M. Holman, A. Loeb, Astrophys. J. 791, 86 
(2014). 

48. L. G. Kiseleva, P. P. Eggleton, S. Mikkola, Mon. Not. R. Astron. 
Soc. 300, 292-302 (1998). 

49. The eccentricity of HD 202206b does not have such an 
envelope (fig. S5), which may be due to its proximity to the 5:1 
mean-motion resonance and the large relative mass of the 
inner planet. 

50. J. T. Wright et al., Publ. Astron. Soc. Pac. 123, 412-422 
(2011). 


SHURA 
raw=eam 


~~ 
a 


216 10 OCTOBER 2014 + VOL 346 ISSUE 6206 


51. Among the black diamonds, the planetary pairs with |A@<uy| 
near 90° and large angular momentum ratios include giant 
planets in a five-planet system (55 Cnc), a pair of hot super- 
Earths (GJ 163), and a cold Jupiter partnered with a hot 
Neptune (HD 125612); it is unclear whether their orthogonal 
eccentricity vectors also signify large mutual inclinations. 

The transiting pair Kepler-30 c and d, which are near a 2:1 
resonance, have |A@s,y| = 114°, an angular momentum ratio of 
21, and a low mutual inclination (16). 
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A local clue to the reionization of 


the universe 


Sanchayeeta Borthakur,'* Timothy M. Heckman,’ Claus Leitherer,” Roderik A. Overzier* 


Identifying the population of galaxies that was responsible for the reionization of the 
universe is a long-standing quest in astronomy. We present a possible local analog that 
has an escape fraction of ionizing flux of 21%. Our detection confirms the existence of gaps 
in the neutral gas enveloping the starburst region. The candidate contains a massive yet 
highly compact star-forming region. The gaps are most likely created by the unusually 
strong winds and intense ionizing radiation produced by this extreme object. Our study 
also validates the indirect technique of using the residual flux in saturated low-ionization 
interstellar absorption lines for identifying such leaky galaxies. Because direct detection of 
ionizing flux is impossible at the epoch of reionization, this represents a highly valuable 


technique for future studies. 


he reionization of the universe is a crucial 
event in cosmic history. Identifying the 
source(s) responsible for reionization will 
allow us to understand the underlying phys- 
ics. Star-forming galaxies are the most like- 
ly candidates, but what is their nature? By what 
process does Lyman continuum radiation, capable 
of ionizing hydrogen atoms, escape the region 
of dense and cold gas from which the required 
population of hot massive stars forms? 

Studies to date have had limited success at de- 
tecting such candidates. For example, Iwata et al. 
(7) found continuum leaking out of 17 galaxies 
from their sample of 198 star-forming galaxies 
[Lyman break galaxies (LBGs) and Lya emitters 
(LAEs)], whereas Vanzella et al. (2) found only 
one such leaking galaxy out of 102 LBGs. Most of 
the high-redshift studies have resulted in only a 
handful of detections with substantial escape frac- 
tions (3, 4). In some ways, the low incidence of 
such galaxies is not surprising. Hot massive stars 
are located in gas-rich regions with column den- 
sities ranging from 10” to 10% cm. This is 4 to 
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7 orders of magnitude higher than the column 
density of H 1 required to produce an optical depth 
of unity at the Lyman edge (N = 14 x 10” em”). 
Therefore, extreme conditions may be required 
for a substantial fraction of the ionizing flux to 
escape from the galaxy. 

Identifying local examples of such leaky gal- 
axies will allow us to study in detail the processes 
that lead to the escape of Lyman continuum 
radiation. These local examples can also be used 
to validate indirect signatures of escaping ioniz- 
ing flux that are based on the properties of the 
spectrum at wavelengths longer than the Lyman-o. 
line (see below). This is invaluable, because the 
spectral region at shorter wavelengths is com- 
pletely opaque at the epoch of recombination. 

We previously uncovered a sample of relatively 
rare local (redshift z ~ 0.2) starburst galaxies 
whose overall properties [mass, metallicity, size, 
morphology, star formation rate, kinematics, 
dust attenuation, etc.] are very similar to those 
of the LBGs (5-10). These galaxies are termed 
Lyman break analog galaxies (LBAs). SDSS 
J092159.38+450912.3 (hereafter JO921+4509) is 
one such local LBA (zg = 0.23499) that is pro- 
ducing stars at the rate of 50 solar masses (M3) 
per year. It belongs to a special class of LBA where 
several billion solar masses of stars are produced 
in an extremely compact central region with a ra- 
dius of ~100 pc (2). Such massive and highly 
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compact star-forming regions are referred to as 
dominant central objects (DCOs). Because of their 
compact nature, DCOs can generate extreme 
winds that were found to propel the surrounding 
interstellar neutral and ionized gas outward at 
velocities in excess of 1000 km s (9). 

Three independent but indirect lines of evi- 
dence were put forth by Heckman et al. (9) sug- 
gesting that a substantial amount of ionizing 
radiation could be escaping from this galaxy and 
others with DCOs. First, these authors found that 


the strongest interstellar absorption lines tracing 
the neutral phase of the interstellar medium (ISM) 
were optically thick (saturated) but still had a 
substantial residual flux in the line cores [~20 to 
30%; see (9), figures 4 and 5]. This is an indication 
that the far-ultraviolet (UV) continuum source, 
the DCO, is only partially covered by optically 
thick neutral material. Second, they detected a 
substantial amount of blue-shifted Lyman-o, emis- 
sion, despite the presence of neutral gas seen in 
absorption at those velocities. This requires only 


Flux Density (x 10°17 erg s*1 cm A"1) 


900 911.267 920 
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Fig. 1. COS spectra of JO921+4509. Flux density around the rest-frame wavelength 912 A is shown in 
black (solid circles) and the associated errors in red (open squares). The flux density and errors were 
obtained by binning the COS pipeline data by 150 pixels (~10 A) to increase the signal-to-noise ratio. The 
dashed blue line marks the position of the Lyman continuum break (= 13.6 eV). We detected Lyman 
continuum flux in the wavelength range 890 to 910 A. The flux at 910 A was measured to be 3.7 (+0.8) x 


partial coverage of the starburst region by the 
outflowing neutral gas. Third, the star forma- 
tion rate estimated for this galaxy based on the 
extinction-corrected Ho emission line was smaller 
by a factor of 3 than the value based on the sum 
of the far-IR and far-UV continuum luminosities. 
This could indicate that some of the ionizing flux 
escapes the galaxy and thus does not produce Ha 
emission by photoionization and recombination. 
These properties led Heckman et al. (9) to spec- 
ulate that the extreme feedback provided by an 
extraordinarily compact massive starburst (like a 
DCO) might be required to enable the escape of 
ionizing radiation from galaxies. 

To directly confirm the inference of escaping 
ionizing radiation and compare it to that predicted 
by the residual flux technique, we conducted a 
program with the Cosmic Origins Spectrograph 
(COS) aboard the Hubble Space Telescope (HST) 
to obtain the spectrum of JO921+4509 below the 
Lyman edge at 912 A in the rest frame of the gal- 
axy. The data were obtained in two separate sets 
of observations (durations 4 and 5 orbits of HST, 
respectively), which were reduced using the stan- 
dard COS data reduction pipeline (72). The final 
spectrum (Fig. 1) was produced by binning 150 
pixels of the weighted average of the two data 
sets in order to improve the signal-to-noise ratio. 
The spectrum was corrected for the Milky Way’s 
dust extinction in the direction of J0921+4509. 
We report a flux density detection of 3.7 (+0.8) x 
10" ergs? cm? A” just below the Lyman edge. 
This corresponds to a luminosity AL,, at rest 
wavelength A = 910 A, of 5.0 x 10” erg s 4. 

The young stars that produce the ionizing flux 
also produce strong stellar winds, which can be 
traced using transitions such as N v and C w. 
These transitions are minimally contaminated 
by interstellar features and have the greatest 
diagnostic power to identify the underlying stellar 
populations. The strong P-Cygni profiles in these 
transitions (Fig. 2) clearly indicate the presence 
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Fig. 2. Young stellar population in JO921+4509. Flux density—normalized 
combined spectrum from COS G140L (1040 to 1600 A) and G130M (~950 to 
1040 A) of LBA JO921+4509 (black) overlaid with the best-fit stellar population 
model (Starburst99) of instantaneous star formation 3 million years ago, solar 
metallicity, and a Kroupa initial mass function (red). We fitted the high-ionization 
stellar wind transitions (shown in green) to evaluate the best stellar population 
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model. The transitions associated with JO921+4509 are marked in blue above 
the spectrum; Milky Way and geocoronal features are marked in purple in the 
space below the spectrum. The JO921+4509 spectrum shows prominent 
P-Cygni profiles from the stellar winds (e.g., O vi AA1032, 1038, N v 4A1239,1243, 
Cw AA1548, 1551). This confirms the presence of a young stellar population with 
massive O stars in this galaxy. 
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substantial amounts of ionizing radiation. A 
stellar population model (3) of an instanta- 
neous burst 3 million years ago and a Kroupa 


initial mass function describes our data best, 
thus suggesting that JO921+4509 has a large 
fraction of extremely young and massive stars. 
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Fig. 3. Lyman continuum escape fraction. The black line denotes the COS spectrum of JO921+4509 
between 890 and 1040 A in the rest-frame of the galaxy. The spectrum was corrected for dust attenuation 
(21) corresponding to the observed UV slope of B = —1.37 in JO921+4509. The best-fit stellar population 
model is shown in red and has been normalized to match flux density of the data between 960 and 1040 A. 
Dotted lines indicate the observed and predicted (by model) flux densities at the Lyman edge (900 to 
910 A) and at wavelengths between 1000 and 1020 A. The ratio of strength of the observed drop to the 
theoretical drop represents the dust-free escape fraction. 
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Fig. 4. Schematic diagram of the star- 
forming region associated with a DCO, such 
as in JO921+4509. The extreme conditions 
in the DCO generate a strong galactic wind 
and large quantities of ionizing flux that clear out a cavity (windblown cavity in the figure) and parts of the 
neutral gas cover. However, the entire region is covered by dust. The neutral gas cover contains gaps, where 
the gas becomes completely ionized and consequently has negligible optical depth due to photoelectric 
absorption of Lyman continuum photons by hydrogen. Thus, these gaps facilitate the escape of Lyman 
continuum and Lyman-a photons. 
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Before describing how we quantified the es- 
caping ionizing radiation in this galaxy, it is 
important to distinguish between two sources 
of opacity provided by the galaxy’s ISM. The first 
is the dust. Opacity due to dust suppresses the 
amount of escaping UV light by an amount that 
gradually and smoothly increases with decreas- 
ing wavelength. It therefore renders the UV con- 
tinuum fainter and redder, but does not produce 
any signature across the Lyman edge at 912 A. 
The second source of opacity is associated with 
photoelectric absorption by neutral hydrogen, 
which will produce a sharp drop in flux density 
at the Lyman edge. For simplicity, we describe 
these two sources of opacity separately. 

First, we consider the effects of photoelectric 
absorption in the absence of dust (the dust-free 
case). The stellar population model predicts the 
intrinsic ratio of ionizing to nonionizing flux (i.e., 
the drop in flux at the Lyman edge in the absence 
of photoelectric absorption by the interstellar me- 
dium). A comparison of the drop in flux density 
between our observed data and the normalized 
best stellar population model describing the 
stellar wind lines (Fig. 3) gives us a measure of 
the fraction of Lyman continuum photons that 
suffer photoelectric absorption by atomic hydro- 
gen in the ISM of the galaxy. In mathematical 
terms, 


2) 
dust free __ Figs observed. ( 1 ) 
esc _ ( F, ) 
Ag12— 
Figs norm. model 


where Fy912- and Fy, are the fluxes below and 
above 912 A. F,91.. was measured by averaging 
the flux density over 10 A below the Lyman break 
(Fig. 1). To avoid the effects of the confluence of 
the stellar and interstellar Lyman series absorp- 
tion lines near the Lyman edge, we measured 
F,o12. in a window between 1000 and 1020 A 
(beyond Lyman y). The observed drop in flux 
density relative to the stellar population model 
implies a value for fst = 21 + 5%, The in- 
ferred incompleteness in coverage, frov, of the 
starburst region by optically thick neutral mate- 
rial predicts fs fe =] — f,,., which in turn is 
equal to the residual flux. Our measurement of 
Foust free is in good agreement with the estimate 
based on the residual flux (~20 to 30%) in the 
strongest interstellar absorption lines (9). 

We can now consider the effect of dust absorp- 
tion. Here we are concerned with estimating what 
we call the absolute escape fraction of Lyman 


continuum photons, attributable to the combined 


Table 1. Properties of the target galaxy 
JO921+4509 (7). 


Redshift 0.235 

Stellar mass [log Mx (Me)] 10.8 

DCO mass [log Mx (Me)] 9.0 to 9.2 

Metallicity [12 + log(O/H)] 8.67 

Star formation rate, 55.1 
Ha + 24 um (Mz year+) 

Dust content (Brest) ~1,37 
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effect of photoelectric absorption and dust extinc- 
tion. Thus, we want to estimate the ratio between 
the observed luminosity of the escaping ionizing 
radiation and the intrinsic luminosity (in the ab- 
sence of both dust and neutral hydrogen). The 
amount of dust absorption in the far UV is sub- 
stantial in this galaxy: The ratio of UV to infrared 
(IR) flux is just ~10% (7). Assuming that the IR 
and UV luminosities dominate the bolometric 
luminosity (Lyo1 ~ Loy + Lip), we adopt the def- 
inition of the absolute escape fraction fe.caps aS 
described in (14): 


= Lioniz,ese Dot 
Sf esc,abs — 


james ( De) 2) 
Loy + Liz \Lioniz/ intrinsic 


We estimate the escaping Lyman continuum lu- 
minosity Lionizesc from the data by measuring the 
parameter iL, just below the Lyman continuum 
break and correcting it by a factor as follows: 


Lioniz 


intrinsic 
Lanne = (ala) at (Gr) 
(3) 


The best-fit stellar population model predicts the 
intrinsic ratio Dyo/Lioniz to be ~4, and the cor- 
rection factor of Eq. 3 to be 0.9. This leads to an 
estimate Of fesc,abs * 1%. 

The difference between f. a free and fescabs is 
due to the absorption of ionizing radiation by 
dust. It also indicates that the covering fractions 
of the neutral gas and the dust are not the same. 
Whereas the distribution of neutral gas evidently 
has gaps or holes, the dust almost fully covers the 
entire star-forming region. From this observation, 
we conclude that most of the dust absorption in 
this galaxy is associated with the ionized gas, con- 
sistent with the arguments given in (9). Thus, strong 
feedback from the starburst, in the form of ioniz- 
ing radiation and shock heating by the galactic 
wind, is able to fully ionize holes in the distribution 
of neutral gas that envelops the starburst region. In 
these holes, the gas is fully ionized and allows the 
Lyman continuum photons to escape. However, the 
dust survives and is able to absorb both the ionizing 
and nonionizing UV photons (Fig. 4). The holes 
contain ionized gas with negligible optical depth 
due to photoelectric absorption for Lyman con- 
tinuum photons, and also dust. 

How relevant is the knowledge gained from 
J0921+4509 for understanding the sources re- 
sponsible for reionization, given that it is highly 
obscured by dust? The good news is that the 
physics behind the creation of the holes that 
allow Lyman continuum to escape may be valid 
for any compact starburst. Such compact star- 
burst galaxies are commonly seen at high red- 
shifts (15). In fact, the highest-redshift galaxy 
known to date (zg = 10.7) has a size (~200 pc) 
and stellar mass (10° to 10° M) (16) similar to 
the starburst in JO921+4509. On the other hand, 
mounting evidence from deep surveys of the early 
universe with the HST implies that the amount 
of dust absorption in star-forming galaxies is very 
small at the highest redshifts (77). This is most 
plausibly caused by the much lower metallicities 
(and hence lower dust-to-gas ratios) in these early 
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galaxies. Recently, an intensely star-forming gal- 
axy with very low dust and metals at g ~ 7 was 
discovered (18). Therefore, although dusty objects 
like JO921+4509 would not be good candidates 
for the population of galaxies that reionized the 
universe, similar analogs from the early universe 
that are compact but nearly dust-free would be 
excellent candidates. 

It is important to reemphasize that the opacity 
due to neutral hydrogen in the intergalactic 
medium (IGM) during the epoch of reionization 
(g = 6 to 11) is so large that there is no hope of 
directly observing flux below the Lyman edge 
from these early galaxies and directly measuring 
the escape fraction. The idea that the amount of 
residual flux in the cores of saturated interstellar 
absorption lines that trace the neutral gas can 
serve as a proxy measurement of the escape 
fraction was proposed by Heckman et al. in 2001 
(19), applied by Grimes et al. in 2009 (14) to a 
sample of local starbursts, and then applied by 
Heckman et al. (9) to a sample of LBAs. This idea 
has recently been extended to high-redshift gal- 
axies by Jones e¢ al. (20). Our study has validated 
this indirect technique. The direct value we 
measure for fast "°° in J0921+4509 is similar to 
the indirect estimate in (9). 
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Asymmetric syntheses of sceptrin 
and massadine and evidence for 
biosynthetic enantiodivergence 


Zhiqiang Ma,'* Xiaolei Wang,'* Xiao Wang,’ Rodrigo A. Rodriguez,” 
Curtis E. Moore, Shuanhu Gao,’ Xianghui Tan,’ Yuyong Ma,’ Arnold L. Rheingold,” 


Phil S. Baran,” Chuo Chen" 


Cycloaddition is an essential tool in chemical synthesis. Instead of using light or heat as 
a driving force, marine sponges promote cycloaddition with a more versatile but poorly 
understood mechanism in producing pyrrole—imidazole alkaloids sceptrin, massadine, and 
ageliferin. Through de novo synthesis of sceptrin and massadine, we show that sponges 
may use single-electron oxidation as a central mechanism to promote three different 
types of cycloaddition. Additionally, we provide surprising evidence that, in contrast to 
previous reports, sceptrin, massadine, and ageliferin have mismatched chirality. Therefore, 
massadine cannot be an oxidative rearrangement product of sceptrin or ageliferin, 

as is commonly believed. Taken together, our results demonstrate unconventional 
chemical approaches to achieving cycloaddition reactions in synthesis and uncover 
enantiodivergence as a new biosynthetic paradigm for natural products. 


he dimeric pyrrole-imidazole alkaloids 
are structurally complex small molecules 
produced by marine sponges through re- 
actions that are not well understood (1) 
(Fig. 1 and figs. S1 and S2). These natural 
products are highly polar, noncrystalline, redox 
labile, and pH sensitive because of their excep- 


tionally high nitrogen content (~16% atomic com- 
position or 15 to 30% by weight). The presence 
of multiple halogen atoms further contributes 
to their chemical instability and synthetic chal- 
lenges (2-21). As depicted in Fig. 1, sceptrin (1a) 
(22), massadine (2a) (23, 24), and ageliferin (3a) 
(25, 26) are family members derived from formal 
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[2+2], [3+2], and [4+2] cycloaddition reactions of 
oroidin (4a), hymenidin (4b), or their congeners. 
Our previous studies on the de novo synthesis 
of ageliferins (3) (4, 14, 15) suggest that the bio- 
genic dimerization of 4 is likely a radical reac- 
tion. We now describe the de novo syntheses of 
sceptrin (la) and massadine (2a), using oxida- 
tive reactions that are suspected to be involved 
in their biosyntheses. These asymmetric synthe- 
ses along with two new crystal structures allow 
us to unambiguously assign the absolute stereo- 
chemistries of the pyrrole-imidazole dimers. We 
also demonstrate that the [3+2] dimers cannot be 
derived from the [4+2] or [2+2] dimers through a 
skeletal rearrangement reaction. Instead, a sur- 
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Fig. 1. The enantiodivergent biosynthetic path- 
ways for the dimeric pyrrole-imidazole alkaloids. 
The biosyntheses of the [2+2] dimers sceptrins (1) 
and the [4+2] dimers ageliferins (3) involve a homo- 
dimerization of oroidin (4a) or hymenidin (4b). SET 
oxidation of 4 promotes a [2+2] cycloaddition re- 
action of 4°*/4 to give 1* (path a), or a [4+2] 
cycloaddition reaction to give 3°* (path b). Subse- 
quent SET reduction yields 1 and 5 that aromatize to 
3. In contrast, the biosyntheses of the [3+2] dimers 
massadines (2) involve a heterodimerization of dis- 
pacamide A (4d) and oroidin (4a). SET oxidation 
of 4d promotes a [3+2] cycloaddition reaction of 
4d°*/4a to give 6"*. Subsequent SET reduction, 
protonation, and trapping with water or chloride 
provide “pre-massadines” (6). Oxidative cycliza- 
tion of 6 gives massadines (2). The homodime- 
rization (path a and b) and heterodimerization 
(path c) of 4 are enantiomeric pathways. 
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prising enantiodivergent pathway must be in- 
volved in the biosynthesis of these alkaloids. 

Sceptrin (la) is the first dimeric pyrrole- 
imidazole alkaloid discovered in nature (22). 
Because there is insufficient light where the 
sponges live (20 to 30 m below the ocean sur- 
face), it is unlikely for hymenidin (4b) to undergo 
a photocycloaddition reaction to give la bio- 
genically (2, 22). In addition, a [2+2] photo- 
cycloaddition reaction of 4b would lead to the 
formation of racemic la, whereas the isolated 
1a was optically active. Based on results of meta- 
biosynthetic experiments, Molinski and Romo 
proposed an enzyme-promoted single-electron 
transfer (SET) mechanism for the biogenic di- 
merization of 4 (27). We believe that a SET oxi- 
dation of 4 would give radical cation 4°* that is 
highly reactive toward [2+2] (path a) and [4+2] 
(path b) cycloaddition reactions to afford 1°* and 
3°*, correspondingly (Fig. 1). Subsequent back-SET 
would provide sceptrins (1) and “iso-ageliferins” 
(5) that tautomerize to ageliferins (3). 


Ninn SET 
oxidation 
WW AAN (pgs —s 
N Molinski-Romo 
x 0 hypothesis 
Oroidin (4a): X, Y', Y? =H, Br, Br 
Hymenidin (4b): X, Y', Y2 =H, Br, H 
Clathrodin (4c): X, Y', Y2=H, H, H 
Dispicamide A (4d): X, Y', Y? = OH, Br, Br 
Enzyme 1 


Homodimerization 
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Massadine (2a) is a densely functionalized 
polycyclic [3+2] dimer that contains 8 contigu- 
ous stereocenters, 10 nitrogen atoms, and mul- 
tiple sensitive functional groups. These structural 
features preclude the use of many traditional 
tools for its synthesis. Because enzymes that 
promote [3+2] cycloaddition reactions remain 
elusive, it is commonly believed that 2a is de- 
rived from 5 through an oxidative skeletal re- 
arrangement reaction (73, 28, 29). Oxidation of 
5 would induce a ring-contraction reaction to 
give “pre-massadine” (6). Further oxidation of 
6 would provide 2 and its congeners via differ- 
ent modes of cyclization (J, 30). This oxidative 
rearrangement hypothesis was first proposed 
by Scheuer for palau’amine (28) and recently 
modified by us (13), Al-Mourabit, and Romo (1) 
to account for its revised relative stereochem- 
istry. The chemical viability of this skeletal re- 
arrangement through two-electron oxidation has 
also been demonstrated by Romo, Lovely, and us 
(5, 12, 18, 19). 
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Ageliferin (3a); Y', Y? =H, H 
Bromoageliferin (3b): Y', Y* = Br, H 
Dibromoageliferin (3c): Y', Y? = Br, Br 
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Massadine (2a): X=OH 
Massadine chloride (2b): X=Cl 
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We were interested in using chemical synthe- 
sis to evaluate the Molinski-Romo and Scheuer 
biosynthetic hypotheses. The prior synthesis of 
sceptrin (la) by Birman (20) and us (2, 4, 5) in- 
volved the construction of the cyclobutane ring 
by forming the C9/C10 and C9'/C10' bonds using 
a [2+2] photocycloaddition reaction. The syn- 
thesis described herein involves the alternative 
formation of the C9/C9' and C10/C10’ bonds 
(biogenic connection) via a SET-promoted [2+2] 
cycloaddition reaction (Molinski-Romo hypoth- 
esis). The synthesis of massadine (2a) has also 
been achieved by us, using an intramolecular aldol 
reaction (8) or a Pauson-Khand reaction (J0) to 
construct the central cyclopentane ring. We now 
describe a complementary synthesis that involves 


ee, aon NaNO2 
H2SO, 


NH> 


COOH 
aa appa ~V¢ 
4) MsCl, NEt, 


an oxidative rearrangement (Scheuer hypothesis) 
of a dibromoageliferin derivative (1/4, 15), using 
an oxidative radical cyclization reaction as the 
key step. 

We first set out to develop an asymmetric syn- 
thesis of sceptrin (1a) using a SET-mediated [2+2] 
cycloaddition reaction to construct its core skel- 
eton (Fig. 2). t-Glutamic acid (7) was used as the 
source of chirality to establish the absolute stereo- 
chemistry of our synthetic la. Diazotization of 
7 induced an anchimeric lactonization to give 
(S)-(+)-5-oxo-2-tetrahydrofurancarboxylic acid (8), 
a commercially available chiral building block. 
Dihydrofuran 9 was then prepared from 8 through 
reduction, silylation, and dehydration. Electro- 
philic selenation of 9 proceeded from the less 
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hindered face, allowing alcohol 10 to approach 
from the more hindered face of 9 with excellent 
stereoselectivity. Subsequent oxidative elimination 
of the phenylselenyl group and reduction of the 
azido group provided 11 with cis-C8/C11 stereo- 
chemistry, setting the stage for the key [2+2] 
cycloaddition reaction. 

Whereas treating 11 with a variety of single- 
electron oxidants (37) resulted in complete de- 
composition, the photoredox method developed 
by Yoon (32) promoted the reversible SET reac- 
tions of 11 smoothly. Irradiation of a solution 
of 11 with a catalytic amount of Ir(ppy)s in- 
duced the [2+2] cycloaddition to give 12 [dia- 
stereomeric ratio (d.r.) 1.8:1 at C10’]. Although 
this cycloaddition reaction could also proceed 


ma 
4 op 


hv (CFL) 
3 mol % Ir(ppy)3 
dvr. 1.8:1 


H 
Kl N N 
Yen Ha PtOs PhsP=N—( I | )=NH 
2) EDC, HOBt No , N 1) BCl3; NH;OH 
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Ox NH HNO — 
Y™NH HN’ S 
Br Br 
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New X-ray structure ' ‘Zz 
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| Me 
; 18 COOMe ' 


Fig. 2. Biomimetic synthesis of sceptrin and revision of its absolute stereochemistry. The key step involves a SET-mediated [2+2] cycloaddition 
reaction that mechanistically mimics the biogenic dimerization of hymenidin (4b). ent-Sceptrin was obtained while targeting the originally reported 
absolute stereochemistry. A new crystal structure of natural sceptrin (shown in ORTEP representation) confirms that its absolute stereochemistry needs 
to be revised. TIPS, triisopropylsilyl; DIBAL, diisobutylaluminium hydride; Ms, methanesulfonyl; BOM, benzyloxymethyl; CFL, compact fluorescent lamp; 
DMAP, 4-(dimethylamino)pyridine; Boc, tert-butyloxycarbonyl; EDC, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide; HOBt, 1-hydroxybenzotriazole. 
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through an energy transfer mechanism (33), 9- 
fluorenone, which has the same triplet energy 
(Ey = 55 kcal/mol) as Ir(ppy)s3 (34, 35), could not 
catalyze this reaction. Therefore, we believe that 
the [2+2] cycloaddition of 11 was induced by re- 
versible SET between Ir(ppy)3 and the amino- 
imidazole group of 11. 

To complete the synthesis of sceptrin (1a), we 
used transthioketalization to reveal the cyclo- 
butane core skeleton in 12. The requisite all- 
trans configuration of the central cyclobutane 
core was furnished by epimerization of the C9 
stereogenic center after protecting the hydroxyl 
groups and hydrolyzing the dithiane group of 
13. Subsequent reduction of the aldehyde group 
and deacetylation provided triol 14. With the 
sceptrin core skeleton in hand, we then func- 
tionalized the side chains to install the second 
aminoimidazole group and the two pyrrole groups. 
The N7 and N7’ groups were introduced by se- 
quential mesylation, iodination, and azidation. 
Subsequent desilylation gave bisazide 15. The 
second aminoimidazole group was constructed 
by oxidizing the hydroxyl group of 15 and treat- 
ing the resulting unstable mesyl aldehyde with 
Boc-guanidine. The azido groups of 16 were next 
reduced, and the pyrrole groups were intro- 
duced to give 17. Removal of the protecting 
groups of 17 afforded sceptrin (1a) (0.4% yield 
from .-glutamic acid). 

Although we targeted the synthesis of scep- 
trin in its presumed natural enantiomeric form, 
the circular dichroism (CD) spectrum of our 
synthetic sceptrin (fig. S3) was the reverse of the 
natural samples’ spectrum (4, 36). In our syn- 
thesis, the absolute stereochemistry of sceptrin 
was established by the intramolecular [2+2] 
cycloaddition reaction of 11. The structure of 
the resulting pseudo-symmetric product 12 was 


Fig. 3. Revision of the No 
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of ageliferin (3a). Oxidative ar 


ring-contraction of 19, the 
key intermediate in our 
ageliferin synthesis, gave 20 7 


that bears a massadine core 
skeleton. The crystal structure 
of its crystalline derivative 21 
(shown in ORTEP representation) 
confirms that the absolute 
stereochemistry of ageliferin 
needs to be revised. DMDO, 
dimethyldioxirane; TFA, 
trifluoroacetic acid; 

Br-Bz, 4-bromobenzoyl. 
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determined by nuclear magnetic resonance 
(NMR) experiments. The rigid, cagelike struc- 
ture of 12 rendered NMR a reliable tool for 
assigning its relative stereochemistry. We thus 
suspected that the original absolute stereo- 
chemistry of sceptrin was misassigned. 

The absolute stereochemistry of sceptrin was 
determined in 1981 by Faulkner and Clardy 
through x-ray crystallographic analysis (fig. S1) 
(22). Although the Hamilton test favored ent-la, 
the difference in the R factors was small (0.090 
versus 0.094). In our previous synthetic study (4), 
a crystal of intermediate 18 was obtained from 
co-crystalization with (S)-o-methylbenzylamine. 
Although it supports the original assignment, 
the acid (18) used had only 75% enantiomeric 
excess. In light of our above-described findings, 
the ambiguity associated with enantio-impure 
sample of 18, and the unconvincing x-ray data 
by modern standards, we recrystallized a nat- 
ural sample of sceptrin and used anomalous 
dispersion to determine its absolute stereo- 
chemistry. A suitable crystal was obtained with 
a slowly evaporating (4°C) biphasic mixture of 
ethyl acetate and water (1:10). With a Flack fac- 
tor of -0.002(5) for la, we concluded that the 
previously reported absolute stereochemistry 
of sceptrin was incorrect. Because the absolute 
stereochemistry of ageliferin was determined 
based on that of sceptrin (4), this result suggests 
that a revision is also needed for ageliferin. 

Previously, we targeted the synthesis of ageliferin 
via 19 using L-serine as the source of chirality 
(14, 15). However, we obtained ent-ageliferin in- 
stead of the expected nat-ageliferin (figs. S4 and 
$5). In light of the revision of the absolute stereo- 
chemistry of sceptrin (la), we reinvestigated 
the structural assignment of 19 (Fig. 3). Reduc- 
tion of the azido and carbonyl groups of 19 fol- 


lowed by oxidation with dimethyldioxirane 
(DMDO) induced the Scheuer-type rearrange- 
ment (5, 12, 18, 19) to give 20. The absolute and 
relative stereochemistry of 20 was determined 
by x-ray crystallographic analysis of its crystal- 
line derivative 21. The C9/C10/C11 relative stereo- 
chemistry of 21 is consistent with that of 19 
instead of 22, a structure that would be con- 
sistent with the original ent-ageliferin (fig. S5). 
The absolute stereochemistry of 21 determined 
by anomalous x-ray scattering is also consistent 
with the chirality of t-serine. These experiments 
provide independent evidence that the absolute 
stereochemistry of ageliferin also needs to be 
revised. 

After completing the biomimetic synthesis of 
sceptrin (la), we turned our attention to the 
asymmetric synthesis of massadine (2a). We 
chose to carry out the Scheuer-type oxidation on 
23, a protected 10’-oxo-dibromoageliferin, to 
best mimic the putative Scheuer biosynthetic 
pathway (Fig. 4). Although we could induce the 
ring-contraction reaction with various oxida- 
tive methods, the undesired spiro-configuration 
was always obtained (5). We envisioned that 
the C10’ oxygen functionality of 23 could be used 
as a directing group (37) to reverse this stereo- 
selectivity. Indeed, reduction of 23 with LiBHEt, 
gave 24: bearing the desired hydroxyl configura- 
tion. Oxidation of 24 with Ti(O’Pr),/TBHP in- 
duced the Scheuer-type ring contraction to give 
iminohydantoin 25 with the desired spiro con- 
figuration. This Ti(IV)-promoted oxidation was 
markedly chemo- and stereoselective. It only 
oxidized the more electron-rich aminoimidazole 
group in the presence of an unprotected amino- 
imidazole and two dibromopyrroles. It was also 
the only method that could provide the correct 
spiro configuration. Although alcohol 24: was 
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only stable as an acid salt, the Ti(O'Pr),/TBHP- 
oxidation reaction failed completely under even 
slightly acidic conditions. Therefore, we washed 
24eTFA with base and used it immediately to 
give 25 with good reproducibility. Without puri- 
fication, 25 was reduced with Ca(BH,). to afford 
hemiaminal 26. Subsequent removal of the pro- 
tecting groups gave “pre-massadine” (6). 

To complete the synthesis of massadine (2a), 
we would need to selectively oxidize the amino- 
imidazole group of 6 and promote the intra- 
molecular cyclization to form the oxygen bridge 
between the two cyclic guanidine groups of 2a. 
Both the oxidation and cyclization steps were 
pH-sensitive. Oxidation of 6 under acidic con- 
ditions resulted in considerable decomposition 
because the reactivity of aminoimidazole toward 
oxidation was suppressed when protonated 
and competing oxidation of other functionalities 
occurred. Although oxidation of 6 under neu- 
tral or slightly basic conditions proceeded more 
smoothly, the undesired N-cyclization occurred 
spontaneously to give the axinellamine skeleton 
(8). Eventually, we found that oxidation of 6 with 
N-bromosuccinimide (NBS) proceeded smoothly 
and cleanly in methanol to give a diastereomeric 
mixture of massadine-methanol adducts (17). 
Upon treatment with aqueous HCl, this mix- 
ture of oxidation products slowly converted into 


3,7-epl-Massadine {27} (29%) 


massadine (2a) (0.014% yield from 1-serine) and 
3,7-epi-massadine (27) (8). 

The CD spectrum of our synthetic 2a sug- 
gested that we had obtained the natural en- 
antiomer of massadine (fig. S6), confirming the 
correct assignment of its absolute stereochem- 
istry by Fusetani (23) and us (7) previously. 
Because of our revision of the absolute stereo- 
chemistry of ageliferins (3), 2 and 3 have mis- 
matched absolute stereochemistries. To verify 
this surprising result, we repeated the syntheses 
of 2a and 3c, using the same batch of common 
intermediate 23. We confirmed that oxidation 
and deprotection of 23 gave nat-2a, whereas 
deoxygenation and deprotection gave ent-3c. 
These experiments provided direct evidence that 
natural massadine (2a) and natural dibromo- 
ageliferin (3c) are antipodal, and an enantio- 
divergent pathway must be involved in their 
biosynthesis. 

Sceptrins (1), massadines (2), and ageliferins 
(3) were previously thought to be derived from 
a common biosynthetic intermediate and have 
matched absolute stereochemistries (11). We have 
now shown that massadine (2a) and dibromo- 
ageliferin (8c) are antipodal. Therefore, 2a cannot 
be produced from a biogenic oxidation of 3c or 
5. Considering that both enantiomeric forms of 
phakellin, a monomeric pyrrole-imidazole alka- 
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loid, have been found in nature (38), it is possible 
that sponges also produce both enantiomers of 
1-3. However, literature reports suggest that all 
the cyclic pyrrole-imidazole dimers exist in only 
one enantiomeric form. Because both the sign and 
magnitude of the optical rotation of 1-3 change 
with the salt form (4, 26), CD spectroscopy is 
currently the only reliable method to study their 
absolute stereochemistries. Ageliferins isolated 
from different species of sponges (two Agelas, 
one Astrosclera, and one Stylissa sponge) in the 
Caribbean and Pacific oceans all have matched 
CD spectra (table $1). Similarly, massadines, stylis- 
sadines, axinellamines, and donnazoles isolated 
from different species of sponges (one Agelas, 
two Awxinella, and two Stylissa sponges) in the 
Caribbean, Pacific, Indian, and Southern oceans 
all show a positive exciton splitting centered at 
~275 nm (table S1). The only two reported CD 
spectra of sceptrin are also consistent with one 
another (4, 36). Currently, there is no evidence 
that both enantiomers of cyclic pyrrole-imidazole 
dimers exist in nature, although it has also been 
shown that enantiomeric natural products can 
arise from a single species or from different 
genera and/or species (39). Because massadine 
(2a) and dibromoageliferin (3e) are antipodal, 
they have to be produced by independent bio- 
synthetic pathways. 
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Fig. 4. Asymmetric synthesis of massadine and evidence against the Scheuer biosynthetic hypothesis. Deoxygenation and deprotection of 10’- 
oxo-dibromoageliferin (23) gave ent-dibromoageliferin (ent-3e) (the unnatural enantiomer), whereas skeletal rearrangement and oxidation of 23 provided 
nat-massadine (2a) (the natural enantiomer). TBHP, tert-butyl hydroperoxide; NBS, N-bromosuccinimide. 
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On the basis of our previous computational 
and experimental studies (72, 15), we believe that 
sceptrin (1a) and ageliferin (Za) are derived from 
two hymenidin (4b, X=H) molecules whereas 
massadine (2a) is assembled from one oroidin 
(4a, X=H) and one dispacamide A (4d, X=OH) 
molecule (Fig. 1). The homodimerization (path a 
and b) and heterodimerization (path c) of 4 are 
enantiomeric pathways. The pathway selectivity 
is determined by the stability of the radical in- 
termediates. The redox-neutral, reversible SET- 
promoted heterodimerization of 4a and 4d 
would give “pre-massadines” (6) with a C9 aminal 
group that is present in all [3+2] pyrrole-imidazole 
dimers (fig. $2). Although enantiomeric biosyn- 
thesis that produces both enantiomers of a natural 
product has been reported (39), enantiodivergent 
biosynthesis that produces opposite enantiomers 
of natural products as congeners described herein 
is unknown. This discovery may serve as a new 
guiding principle for protein engineering and 
catalyst design. 
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ANIMAL MOTION 


Sidewinding with minimal slip: Snake 
and robot ascent of sandy slopes 


Hamidreza Marvi,”? Chaohui Gong,” Nick Gravish,” Henry Astley,” 
Matthew Travers,” Ross L. Hatton,* Joseph R. Mendelson III,”*® Howie Choset,” 


David L. Hu,” Daniel I. Goldman?* 


Limbless organisms such as snakes can navigate nearly all terrain. In particular, 
desert-dwelling sidewinder rattlesnakes (Crotalus cerastes) operate effectively on 
inclined granular media (such as sand dunes) that induce failure in field-tested limbless 
robots through slipping and pitching. Our laboratory experiments reveal that as 

granular incline angle increases, sidewinder rattlesnakes increase the length of their 
body in contact with the sand. Implementing this strategy in a physical robot model of 
the snake enables the device to ascend sandy slopes close to the angle of maximum 
slope stability. Plate drag experiments demonstrate that granular yield stresses decrease 
with increasing incline angle. Together, these three approaches demonstrate how 
sidewinding with contact-length control mitigates failure on granular media. 


he majority of terrestrial mobile robots are 
restricted to laboratory environments, in 
part because such robots are designed to 
roll on hard flat surfaces. It is difficult to 
systematically improve such terrestrial ro- 
bots because we lack understanding of the physics 
of interaction with complex natural substrates 
such as sand, dirt, and tree bark. We are thus 
limited in our ability to computationally explore 
designs for potential all-terrain vehicles; in con- 
trast, many of the recent developments in aerial 
and aquatic vehicles have been enabled by so- 
phisticated computational-dynamics tools that 
allow such systems to be designed in silico (J). 
Compared with human-made devices, orga- 
nisms such as snakes, lizards, and insects move 
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effectively in nearly all natural environments. In 
recent years, scientists and engineers have sought 
to systematically discover biological principles of 
movement and implement these in robots (2). 
This “bioinspired robotics” approach (3) has 
proven fruitful to design laboratory robots with 
new capabilities (new gaits, morphologies, and 
control schemes), including rapid running (2, 4), 
slithering (5), flying (6), and swimming in sand 
(7). Fewer studies have transferred biological 
principles into robust field-ready devices (4, 8) 
capable of operating in, and interacting with, 
natural terrain. 

Limbless locomotors such as snakes are excel- 
lent systems to study to advance real-world all- 
terrain mobility. Snakes are masters of most 
terrains: They can move rapidly on land (9, 10) 
and through water (J), burrow and swim 
through sand and soil (72), slither through tiny 
spaces (13), climb complex surfaces (14), and 
even glide through the air (75). Relative to legged 
locomotion, limbless locomotion is less studied, 
and thus broad principles that govern multi- 
environment movement are lacking. Recently 
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developed limbless robotic platforms (5), based 
generally on the snake body plan, are appealing 
for multifunctional robotics study because they 
are also capable of a variety of modes of locomotion. 
These robots can traverse confined spaces, climb 
trees and pipes, and potentially dive through loose 
material. However, the gaits that carry these ro- 
bots across firm ground can be stymied by loose 
granular materials, collections of particles that 
display solidlike features but flow beyond critical 
(yield) stresses. 

A peculiar gait called sidewinding is observed 
in a variety of phylogenetically diverse species of 
snakes (9, 16). Animals with excellent sidewind- 


ing ability—such as the North American desert- 
dwelling sidewinder rattlesnake (Crotalus cerastes) 
in Fig. 1, Aand C—are often found in environments 
that are either composed of granular materials 
(such as sand dunes) or are smooth, such as 
hardpan desert. Sidewinding is the translation 
of a limbless system through lifting of body 
segments while others remain in static (in the 
world frame, locally rolling/peeling in the frame 
of the body) contact with the ground. Such in- 
teractions minimize shear forces at contact, and 
thus, sidewinding is thought to be an adaptation 
to yielding or slippery surfaces (16). Biological 
measurements (17, 18) indicate that relative to 
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Fig. 1. Sidewinding locomotion on granular media. (A) A Sidewinder rattlesnake (C. cerastes) loco- 
moting on a granular substrate of 20° inclination. (B) The CMU modular snake robot traversing granular 
media at =20° inclination. The arrow indicates the direction of motion. (C and D) Two superimposed 
snapshots of (C) a sidewinder and (D) the robot moving on level sand. The initial position is denoted by 
“1” and the successive position is denoted by “2.” The time between snapshots in (C) and (D) is 0.2 and 
3.1 s, respectively. The vertical bars beneath the images indicate vertical displacement along the body at 
the two times. (E) Two rendered snapshots of a snake sidewinding on level sand, with red indicating the 
initial time and blue a successive time; time between images is 0.2 s. The 3D configurations were 
reconstructed according to shape data collected from a sidewinder rattlesnake moving on level sand. 
Centerline projections of the 3D snake data are shown on three orthogonal planes. The z coordinates of 
the snake are scaled up four times to increase visibility in the yz and xz projections. The horizontal (xy) 
and vertical (yz) waves travel in the posterior direction of the snake with respect to a coordinate system 
rigidly attached to the animal (as shown by the green arrows). (F) Snapshots of the CMU snake robot 
executing a sidewinding gait on level sand and projections of the resultant body shapes onto three 
orthogonal planes. Red and blue indicate the initial and successive images, respectively. Time between 
images is 6.3 s. The horizontal and vertical waves travel in the posterior direction of the robot with respect 
to a body-fixed coordinate system (as shown by the green arrows). 
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lateral undulation, rectilinear locomotion, and 
concertina motion, sidewinding confers ener- 
getic advantages on hard surfaces, mainly through 
lack of slip at the points of contact. But al- 
though sidewinding motion of biological snakes 
has been extensively studied on hard ground, 
(16, 17, 19, 20), only one study has reported kin- 
ematics on granular media (9). 

An initial robotic version of the sidewinding 
gait has proven useful to enable snake robots to 
maneuver over flat and bumpy terrain (27). In a 
robotic sidewinding mode, the device maintains 
two to three static (locally rolling/peeling) con- 
tacts with the substrate at any moment (22). 
During this motion, individual segments of the 
robot are progressively laid into ground contact, 
peeled up into arch segments, and then trans- 
ferred forward to become new ground contact 
segments (16, 22). However, when in field tests 
a limbless robot [which we will refer to as the 
Carnegie Mellon University (CMU) robot (Fig. 1, 
B and D)] was confronted with even modest gran- 
ular inclines (=10°) far from the maximum angle 
of stability (~30°), it failed to climb (either slipping 
or rolling downhill). 

We posit that the study of success and failure 
modes in biological snakes can improve the me- 
chanics and control of limbless robot performance, 
whereas study of success and failure modes of 
robots can give insight into important mecha- 
nisms that enable locomotion on loose material 
and perhaps explain why sidewinding has evolved 
in such organisms. This idea builds on recent 
work using biologically inspired robots as “phy- 
sical models” of the organisms; such models have 
revealed principles that govern movement in bio- 
logical systems, as well as new insights into low- 
dimensional dynamical systems [for example, (8) 
and references therein]. 

To discover principles of sidewinding in loose 
terrain, we challenged C. cerastes (n = 6 snakes, 
mass = 98 + 18 g, body length, tip-to-tail, L = 48 + 
6 cm) (23) to climb loose granular inclines (table 
$2) (28) of varied incline angle, in a custom track- 
way housed at Zoo Atlanta (fig. S2A). The data 
comprised 54 trials: six snakes, three inclinations, 
three trials each. Before each experiment, air flow 
through a porous rigid floor fluidized the granular 
media and left the surface of the sand in a loosely 
packed state with a smooth surface (movie S4); de- 
tails of this technique are described in (24). Three 
high-speed cameras tracked three-dimensional 
(3D) kinematics of 8 to 10 marked points on the 
body. For systematic testing, we chose three incline 
angles, 8 = 0° 10° and 20°; the maximum angle of 
stability 99 of the loosely packed material, where 
local perturbations resulted in system-wide sur- 
face flows, was 09 = 27°. 

As shown in Fig. 1, A and C, and fig. SLA and as 
previously noted (9, 16), on level granular media 
the snake generated two contacts (as highlighted 
by dashed lines in Fig. 1A) with the substrate at 
each instant, similar to the movement on hard 
ground (J6, 17). As shown in Fig. 1E, the side- 
winding pattern could be approximated by 
posteriorly propagating waves in both horizontal 
(ay) and vertical (yz) planes, with a phase offset 
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of Ao = 1.51 + 0.17 rad. The position of contact 
points moved from head to tail, leaving pairs of 
straight parallel lines on the substrate. The angle 
between these lines and the direction of mo- 
tion (fig. S4D) was o = 33 + 8° on granular media. 
The length of each track line was the same as 
snake body length; the spacing of tracks was thus 
determined by the spacing of contact points on 
the snake’s body (fig. S4C) (16). As previously ob- 
served on hard ground (17), speed increased with 
frequency (defined here as the number of cycles 
per second) (fig. 2C, inset). The snake body in- 
truded into sand by 1.4 + 1.3 cm and created a hill 
of material at each contact point; details on pen- 
etration depth measurement are provided in (23). 
We next examined the behavior of the animals 
as 9 increased. A sidewinder climbing an incli- 
nation of @ = 20° is shown in fig. SIA and movie 
S1. Unlike the robot, the snakes were able to as- 
cend the granular inclines without any axial or 
lateral slip (movie S1), indicated by the horizon- 
tal regions in Fig. 2B. In addition, increasing 8 
did not significantly change the penetration depth 
[analysis of variance (ANOVA), F5,5; = 0.33, P = 
0.72], the angle between direction of motion and 
track lines (ANOVA, F 5; = 0.06, P = 0.81), or the 
number of contacts. Instead, we observed that as 
6 increased, the length of the contact regions 
relative to the body length increased (ANOVA, 
Fy 5; = 48.99, P < 0.0001); we refer to this quantity 
as 1/L. To determine this quantity, we analyzed 
the 3D kinematics data to find the length of 
snake body in static (peeling) contact with sand 
in each cycle; details on contact length measure- 
ment are provided in (23). As shown in Fig. 2C, J/L 
increased by 41% as 0 increased from 0° to 20° 
At all 8, portions that were not in contact were 
lifted clear of the substrate. Wave frequency and 
climbing speed decreased with increasing 6 (fig. 
S4, A and B) with effective step length S, [defined 
as the distance the head moves forward in each 
period (fig. S4C)] remaining constant over all fre- 
quencies and 8. Further kinematic details of the 
movement are provided in the supplementary text. 
To determine whether the ability to climb ef- 
fectively on sandy inclines is common in closely 
related snakes, we examined the locomotor behav- 
ior of 13 species of pit vipers [subfamily Crotalinae 
(table S1)] in the collection of Zoo Atlanta on 
granular media. None of these species performed 
sidewinding in any conditions, instead using ei- 
ther lateral undulation or concertina, sometimes 
combined with rectilinear, gaits (table S1). On 
level sand, many species failed to achieve for- 
ward movement, and on sand slopes at 8 = 10° 
all but a single species failed to move uphill (Fig. 
3C and movie S3). Yielding of the sand was accen- 
tuated by the failure of these species to lift portions 
of their body above the substrate (movie S3). 
We hypothesize that the sidewinder rattlesnake’s 
ability to move effectively on loose substrates 
(compared with the robot and the other closely 
related snakes) is made possible by neuromechan- 
ical control that generates appropriate contact 
length as sandy inclines become more suscepti- 
ble to flow. To test this hypothesis, we next used 
the CMU robot as a physical model to study 
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locomotor performance as a function of J/L for 
different 8 (23). In particular, the CMU robot’s 
ability to deform in arbitrary modes [using 17 
modules (23), section 1.3], including a combi- 
nation of traveling waves that generate side- 
winding, makes it an attractive model on which 
to test the generality and efficacy of the con- 
tact length mechanism. And despite the dif- 
ferences in weight and size of the snake robot 
relative to the organism—as demonstrated in pre- 
vious studies of fish, turtles, and cockroaches 
(8, 25, 26) (and shown below)—principles of small 
organism locomotor bio and neuromechanics 
can be deduced through systematic variation of 
parameters in larger-scale physical models. 

To generate sidewinding in the robot, we con- 
trolled its modules (and joints) to generate two 
posteriorly directed traveling waves in the hori- 


zontal and vertical planes with a 1/4 period 
phase offset, Ao = 1.57 rad (comparable with that 
of the animal). These waves were generated so 
that dorsal and ventral surfaces maintained their 
respective orientations throughout the motion. 
This produced a pattern of undulation and lifting 
similar to that observed in the biological snakes 
(Fig. 1, E and F). When the traveling waves are 
approximated by using sinusoids, the resultant 
shape of the robot resembles an elliptical helix 
whose minor axis is perpendicular to the ground 
and major axis is aligned with the direction of 
motion. Similar to the biological snake, during a 
gait cycle each module (segment) traced an ap- 
proximately elliptical trajectory (Fig. IF). All ex- 
periments were performed at constant wavelength 
(A = 0.5L) and at frequencies sufficiently low as 
to avoid motor angular position and speed error. 


YL 
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Fig. 2. Sidewinding motion at different granular incline angles 6. (A) Traces of the sidewinder rattlesnake 
(C. cerastes) sidewinding on level sand; green dashed lines indicate tracks that an animal leaves on sand. (B) 
Displacement versus time of the snake at 6 = O° (top) and 20° (bottom); colored lines correspond to colored 
dots on the snake in (A). Regions of each curve that have zero or near zero slope correspond to static contact 
with the granular medium. (C) Contact length / normalized by the body length L as a function of @ for side- 
winder rattlesnakes. The data shown encompass six sidewinder rattlesnakes, with three trials per animal at 
each condition. (Inset) Snake forward speed v versus wave frequency f. Green circles, light blue triangles, and 
red upside down triangles correspond to 6 = 0° 10° and 20° respectively. Data are mean + SD. (D) Illustration of 
the CMU snake robot sidewinding on level sand; green dashed lines indicate the tracks the robot leaves on the 
sand. (E) Displacement versus time of the robot at inclinations of O° (top) and 20° (bottom); colored lines 
correspond to the colored dots on the robot in (D). The robot wave frequency in both of these plots was f = 
0.31 Hz, and its normalized contact length was 0.53 + 0.03 and 0.45 + 0.05 for 6 = 0° and 20° respectively. (F) 
Minimum (black), optimum (red), and maximum (blue) normalized contact length //L for successful robot 
climbs as a function of 6. The gray region below the minimum //L corresponds to pitching failure. The pink 
region between the minimum and optimum //L indicates slipping (but still maintains forward progress) due to 
insufficient contact, and the blue region above the maximum //L indicates slipping failure due to insufficient 
lifting. Dashed lines are estimated boundaries of regions of different performance. The robot wave frequency for 
this plot was f = 0.08 Hz. //L at several other wave frequencies are plotted in Fig. S6B. Data denote mean + SD. 
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On level hard ground, a minor-to-major-axis aspect 
ratio of 0.9 produced steady motion at a speed of 
0.03 m/s (at frequency f = 0.08 Hz). On hard sur- 
faces at 8 = 20S decreasing the aspect ratio to 0.7 
allowed the robot to climb without pitching or 
rolling down the hill and at comparable speeds 
as on level hard ground (22). 

The waves that generated effective robot side- 
winding on solid inclines were ineffective on 
granular media (movie S2). To improve the per- 
formance, we decreased the aspect ratio of the 
elliptical core, which increased the contact length 
in a manner analogous to the behavior observed 
in the biological snakes (fig. S6A). The minimum 


1/L needed for successful climbing (defined as 
ascending at positive forward speed without 
pitching; example traces are provided in Fig. 
2D and tracked markers in Fig. 2E) increased by 
=70% as 8 increased from 0° to 20° Within the 
successful regions, we were further able to opti- 
mize the contact lengths to minimize slip and 
slightly improve the speed as compared with 
moving with the lower-bound of J/L. Details on 
robot contact length measurements are provided 
in (23). There was no dependence on frequency, 
indicating that body inertial forces were minimal 
and that granular frictional forces determined 
the resistive forces (27). Thus, despite the many 
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Fig. 3. Sensitivity of locomotor performance on granular media. (A) CMU snake robot speed versus 
I/L for inclination angles © = O° (green circles), 5° (light blue rectangles), 10° (dark blue triangles), 15° 
(purple diamonds), and 20° (red upside down triangles). Failure regimes due to pitching and slipping are 
circled in black. Three trials were performed at each condition. Data indicate mean + SD. (B) Super- 
imposed frames showing pitching and slipping failure modes in the robot ascending 6 = 20° and 10° 
inclines, respectively. Uphill direction is vertically aligned with the page. to and t- represent the time at 
which each body configuration is captured. The time between two images in the pitching and slipping 
failure modes is 1.6 and 6.3 s, respectively. (C) Slipping failure of nonsidewinding snakes. Superimposed 
images show failed lateral undulation on level sand by Sistrurus miliarius (left, length 47 cm) and failed 
concertina locomotion on level sand by Mixcoatlus melanurus (right, length 47 cm). The time between 
two images of S. miliarius and M. melanurus is 0.5 and 9 s, respectively. 
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differences between the biological and robot 
sidewinding, comparable performance was ac- 
hieved through use of a similar strategy of in- 
creasing contact length with increases in 0. The 
elliptical helical gait is only one way to gener- 
ate the traveling wave that propels the sidewind- 
ing in both hard ground and sand. Experimenting 
with helices of other cross-sections (such as oval 
shapes) led to similar results. Also, the maximum 
penetration depth d at the minimum //Z for suc- 
cessful climbing (at f = 0.08 Hz) decreased by 
=30% as 0 increased from 0° to 20° (ANOVA, 
F's, 19 = 9.03, P = 0.007). 

We next systematically studied how robot 
performance changed with //L (Fig. 3A). As 
shown in Figs. 2F and 3A, the robot was able to 
ascend effectively for a given 0 only within a 
range of //L. The range narrowed as 0 increased, 
indicating that for shallow slope angles, side- 
winding performance was robust to variations 
in contact length, whereas for higher slope an- 
gles, the control effort must increase to target a 
narrower range of contact length. On inclina- 
tions of <15°, the robot exhibited high perform- 
ance (speed) in a wide range of //L until too large 
1/L produced slipping that decreased forward 
speed; this was related to an inability of the 
robot to lift itself sufficiently to avoid unneces- 
sary ground contact (similar to the slipping fail- 
ures observed in other snake species). At the 
other extreme, small //Z resulted in an insuffi- 
cient supporting region, causing the robot to 
pitch down the slope. In the pink region be- 
tween minimum and optimum //L in Fig. 2F, 
the robot slipped due to insufficient contact but 
still made forward progress. For large 0, even 
within the band of effective ascent, performance 
was degraded because of downhill slip, which de- 
creased the effective step length (fig. S6D). 

The success of the robot and its similar per- 
formance to the biological sidewinder suggest 
the following picture of sidewinding on sandy 
slopes. First, the animal targets a neurome- 
chanical control scheme consisting of two inde- 
pendently controlled and appropriately phased 
orthogonal waves (Fig. 1, E and F). Such a scheme 
satisfies the definition of a “template”—that is, a 
behavior “contains the smallest number of var- 
iables and parameters that exhibits a behavior of 
interest” (4). Discovery of templates is useful be- 
cause they provide an organizing principle for 
the enormous number of degrees of freedom in- 
herent in all organisms. Second, the robot ex- 
periments suggest that the two-wave template 
dynamics can be simply modified on sandy slopes 
so that the animal targets a pattern of //L and body- 
segment lifting that minimizes slip and pitching. 

Understanding the ground reaction forces 
responsible for the relevant interactions (for ex- 
ample, optimal //L without slip) requires a model 
of the interaction of objects with granular media. 
However, there is no fundamental theory for bio- 
and robotically relevant interactions in granular 
media and a wider class of materials (mud, rub- 
ble, or leaf litter). In particular, despite recent 
discoveries in terradynamics (28), drag (27), 
and impact (29) on level dry granular media [and 
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theoretical approaches to characterize granular 
rheology (30)], none of these studies have invest- 
igated drag forces on granular inclines. 

We therefore studied the physics of transient 
granular yield forces as a function of 8. For con- 
text, studies of steady-state drag on level granular 
surfaces reveal that force is proportional to plate 
width, w, and depth squared, d? (31). To make the 
first measurements of drag force F dependence on 
0, d, and w, we performed drag force measure- 
ments on granular inclines (23). We inserted flat 
plates of different widths (w = 1.5 to 6 cm) to 
different depths (d = 1 to 2 cm) into the granular 
medium perpendicular to the slope plane and 
displaced the plate downhill 15 cm. Depths were 
chosen to bound the range of penetration depths 


e) e 
sit 4, de 
= "at, 


cm, respectively. Data denote mean + SD. 
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observed in the animal experiments. Because we 
were interested in the yield behavior of the gran- 
ular slope in the quasi-static limit (we assume 
inertial effects are small at speeds at which the 
snakes generally operate), we performed drag at 
slow speeds and studied the force increases 
under small displacements 6 from rest. 

As shown in Fig. 4B, force increased substan- 
tially for small displacements until it reached a 
saturation regime, after which there was a slower 
increase in force associated with the buildup of a 
granular pile in front of the plate. We refer to the 
regime of rapid rise as the “stiffness” of the sand 
(before large yielding) and denote it & (F/5 near 
5 = 0). We estimated x by fitting a line to the 
first 17% of data (corresponding to a displacement 
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Fig. 4. Granular incline drag force experiments. (A) Schematic of drag force apparatus. (B) Drag 
force F versus horizontal displacement 6 for different plate widths w and penetration depths d. The 
dashed line indicates the region used to calculate sand stiffness, k. (©) The fitted k versus inclination 
angle @ for different w and d. (Inset) The sand stiffness data collapse when normalized by w°°d?: the 
thick black line is the fit function 0.12 cos([n/(289)] 8), with 99 = 0.47 rad (89 = 27°). Triangles, circles, and 
squares represent w = 1.5, 3, and 6 cm, respectively. Black, red, and blue colors illustrate d = 1, 1.5, and 2 


0.5 cm, before material yielded noticeably) pre- 
sented in Fig. 4B, and we plot this in Fig. 4C. For 
fixed d, k decreased by ~50% as 0 increased from 
0° to 20° (Fig. 4C). For a fixed 0, & increased 
quadratically with d and nearly linearly with w. 
This scaling indicates that in the limit of shal- 
low drag and small displacements 6, F' °¢ #& 5 with 
k < w°® @cos{[/(20o)] 8}, where the phenome- 
nological cos term reflects the rapid decrease in 
force as 9 approaches 0p [details on curve fitting 
are provided in (23)]. For 8 = 0° and fixed 6, the 
dependence on w is similar to that previously ob- 
served (3D, even though our depths are shallower. 

The drag force measurements support our hy- 
pothesis of contact length control: As 6 increases, 
effective sidewinding can be maintained by in- 
creasing the contact length to offset the decrease 
in yield forces. This allows the locomotor to main- 
tain stresses below the yield stress, minimizing 
slip. Insights from the drag measurements also 
indicate why the appropriate amount of body lift 
and contact to be within the range of J/L is im- 
portant. If lift is too small, other segments of the 
locomotor encounter drag forces that must then 
be offset by either increases in //L, or potentially 
increasing intrusion depth. However, increases in 
1/L would decrease lift, resulting in greater drag. 
Increasing contact length relative to increasing 
intrusion depth has obvious benefits because in- 
trusion into granular media requires yielding ma- 
terial, and the force to do so increases with depth 
[the challenges associated with penetration are 
described in (32)]. The energetic cost to vary l/L 
is small in comparison. 

The contact length modulation strategy has 
benefits in terms of locomotor control: Once the 
animal or robot is moving using a sidewinding 
template (again, two independently controlled 
waves with phase difference of approximately 1/2), 
slip and pitch mitigation in flowable substrates 
can be effected with relatively simple modula- 
tions of the basic template wave pattern. This 
control has features in common with our previ- 
ous biological (33) and robotic (24, 26) studies of 
relatively slow-legged movement on the surface 
of granular media, which also demonstrated that 
use of the solid features of granular media had 
benefits in certain locomotor regimes. We pre- 
dict that other locomotors that move on granular 
surfaces could target movement patterns whose 
modulation can be used to achieve minimal-slip. 

As expected, there were differences in the de- 
tails between the sidewinding in the two systems. 
We view these differences, necessarily present 
because of the relative simplicity of the robot 
compared with the organism, as consequences 
of the different mechanisms that are used (bio- 
logical complexity versus relative robot simplicity) 
as “anchors” of the templates, in the terminology 
discussed in (8). For example, the CMU robot has 
no compliance in its joints, many fewer degrees 
of freedom, and larger range of rotation (-90° to 
90°) compared with those of biological snakes. 
Another interesting difference between a snake 
and the robot is that although both of them 
slowed as 0 increased (figs. S4A and S6C), the 
snake’s decrease in speed was correlated with 


sciencemag.org SCIENCE 


RESEARCH | REPORTS 


a decrease in frequency (indicating possibly 
either muscle limitations or active control to 
decrease inertial forces), whereas the robot speed 
decrease was largely determined by a decrease in 
spacing between tracks, as shown in fig. S6D. 
This decrease in effective step length was related 
to slipping of the robot at the highest 8. Com- 
parative study of the anchoring mechanics is 
useful to learn about which lower-level mech- 
anisms in the control hierarchy are critical, both 
to generate template dynamics as well as to 
understand neuromechanical control targets for 
the anchors. 
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ECONOMIC DEMOGRAPHY 


Is low fertility really a problem? 
Population aging, dependency, 


and consumption 


Ronald Lee,’* Andrew Mason,”?* members of the NTA Network+ 


Longer lives and fertility far below the replacement level of 2.1 births per woman are 
leading to rapid population aging in many countries. Many observers are concerned that 
aging will adversely affect public finances and standards of living. Analysis of newly 
available National Transfer Accounts data for 40 countries shows that fertility well above 
replacement would typically be most beneficial for government budgets. However, 
fertility near replacement would be most beneficial for standards of living when the 
analysis includes the effects of age structure on families as well as governments. And 
fertility below replacement would maximize per capita consumption when the cost of 
providing capital for a growing labor force is taken into account. Although low fertility will 
indeed challenge government programs and very low fertility undermines living 
standards, we find that moderately low fertility and population decline favor the broader 


material standard of living. 


conomic behavior, abilities, and needs vary 

strongly over the human life cycle. During 

childhood and old age, we consume more 

than we produce through our labor. The gap 

is made up in part by relying on accumu- 
lated assets. It is also made up through inter- 
generational transfers, both public and private, 
that shift resources from some generations to 
others with no expectation of direct repayment. 
Private transfers occur when parents rear their 
children and when older people assist their adult 
children or receive assistance from them. Pub- 
lic transfers include public education, publicly 
funded health care, public pensions, and the taxes 
to pay for these programs. Because of these 
economic interdependencies across age, fertil- 
ity rates that are falling or already low will drive 
rapid population aging in economies around the 
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world. Forty-eight percent of the world’s people 
live in countries where the total fertility rate (TFR) 
was below replacement, about 2.1 births per 
woman for 2005 to 2010. The TFR is 1.5 births 
per woman in Europe and 1.4: births per woman 
in Japan (J). With fertility this low, population 
growth will give way to population decline, and 
population aging will be rapid. The median age 
of the Southern European population, for ex- 
ample, is projected to reach 50 years of age by 
2040 as compared to 41 in 2010 and 27 in 1950 (J). 
In 2013, governments in 102 countries reported 
that population aging was a “major concern,” and 
54 countries had enacted policies intended to 
raise fertility (2). 

This is a remarkable reversal from decades of 
concern about the economic and environmental 
consequences of high fertility and rapid popula- 
tion growth (3). Should we now be alarmed about 
low fertility, population decline, and population 
aging? Should governments encourage their citi- 
zens to bear more children to balance the dramatic 
future increase in the number and proportion 
of elderly? 

Identifying an optimal population policy is 
likely to be impossible for several reasons. First, 
children yield direct satisfaction and impose 
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costs on parents that are difficult or impossible 
to measure. Second, the environmental conse- 
quences of continuing population growth are 
exceedingly complex and difficult to value or 
weigh against other costs and benefits of low fer- 
tility. Third, assessing the welfare consequences 
of differences in fertility requires comparing the 
welfare of those not yet born to those who will 
never be born. 

Our goal is more modest: to examine how low 
fertility and population aging will influence the 
material standard of living. The analysis shows 
that relatively high fertility and young popula- 
tions are favorable to public finances in rich 
countries because they have comprehensive sys- 
tems of support for the elderly. A broader anal- 
ysis that incorporates private intergenerational 
transfers and the capital costs of equipping each 
new generation shows that low fertility, older 
populations, and gradual population decline 
favor the material standard of living. 

The implications of low fertility and popula- 
tion aging depend on the age patterns of labor 
income, consumption, and intergenerational 
transfers (4-8). However, estimates of economic 
life cycles and intergenerational transfers have 
not previously been available. The results pre- 
sented here have their basis in estimates con- 
structed by research teams in 40 countries 
following a common methodology: National 
Transfer Accounts (NTA) (9-11). NTA uses ex- 
isting surveys, administrative data, and the 
United Nations System of National Accounts 
(SNA) to estimate the values of goods and ser- 
vices produced and consumed at each age and 
the intergenerational flows across ages through 
public and private transfers and assets. NTA 
incorporates the age dimension into SNA, thereby 
facilitating analysis of the macroeconomic im- 
plications of population change. 

Estimated labor income by age includes wages, 
salaries, and fringe benefits as well as an estimate 
of the value of labor of those who are self-employed 
or unpaid family workers, all averaged across the 
entire population at each age. Consumption in- 
cludes private expenditures and goods and services 
produced by governments (e.g., education and 
health care) imputed to different ages and aver- 
aged across all individuals at a given age. 

NTA age profiles for the United States and 
Thailand illustrate the data used in the anal- 
ysis (Fig. 1). In the United States, elderly con- 
sume far more than young adults and labor 
income falls off rapidly at older ages (Fig. 1A). 
Public transfer inflows to the elderly are gen- 
erous, funded largely through public transfer 
outflows from the working ages (Fig. 1B). Fa- 
milial transfers are important to some elderly, 
but on average the elderly give more than they 
receive at almost every age (Fig. 1C). In Thai- 
land, elderly and young adults consume at sim- 
ilar levels. The elderly have somewhat higher 
labor income than in the United States (Fig. 1D). 
The public system for the elderly is very modest, 
with public transfer outflows from the elderly as 
great as public transfer inflows (Fig. 1E). Familial 
support is very important for the elderly, with 
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private transfer inflows higher than private 
transfer outflows (Fig. 1F). 

The differences in shapes of labor income 
and consumption by age, and in public and 
private transfers made and received, lead to 
differences in the impacts of population age 
distributions in the forty countries studied here. 
These differences are incorporated into two sum- 
mary measures, the fiscal support ratio (FSR) 
and the support ratio (SR). Definitions are given 
below, but heuristically the FSR is the ratio of 
taxpayers to beneficiaries and the SR is the ratio 
of earners to consumers. Age profiles, FSR, and 
SR for all countries and complete definitions of 
variables are provided in the supplementary 
materials (9) (Table 1). 

The FSR summarizes the influence of popu- 
lation age distribution on government budgets. 
The FSR is defined as the number of effective 
taxpayers, calculated by weighting the popula- 
tion in each age group by the average taxes paid 
by that age group in the base year, divided by 
the number of effective beneficiaries, calculated 
by weighting the population in each age group 
by per capita benefits received. A higher FSR is 
favorable for public finances allowing higher 
benefits at each age, lower taxes at each age, a 
smaller budget deficit, or some combination of 
the three. A population concentrated in high tax- 
paying ages leads to a high FSR. A population with 
many children, who pay little in taxes and receive 
education benefits, leads to a low FSR. Likewise, 
a population at older ages has a low FSR in rich 
countries, because they emphasize pensions and 
health care spending on the elderly. 
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The SR summarizes the effect of the popula- 
tion age distribution on income and outlays per 
person combining both the public and the pri- 
vate sectors. The SR is defined as the number 
of effective workers, the population weighted 
by per capita labor income at each age, divided 
by the number of effective consumers, the popu- 
lation weighted by per capita consumption at 
each age. A higher SR indicates proportionally 
higher resources available per person allowing 
for higher consumption, higher saving and in- 
vestment, or some combination of the two. A 
population concentrated at ages where labor in- 
come is high and consumption is low leads to a 
high SR. A population concentrated at ages where 
labor income is low and consumption is high 
leads to a low SR. 

The FSR and the SR provide distinctive per- 
spectives because intergenerational transfers 
through the public and private sectors are very 
different. Especially in rich countries, public trans- 
fers are predominantly to the elderly, whereas 
private transfers go mostly to children. As a con- 
sequence, the age structure that favors public 
finances is much younger than the age structure 
that favors the combined finances of public and 
private sectors. Both a young, high-fertility, rap- 
idly growing population and an old, low-fertility, 
rapidly declining population reduce the FSR and 
the SR. The central issue addressed here is what 
demographic conditions would be most favor- 
able to public finances and standards of living in 
the long run. 

The age structure of a population in the long run 
is determined by fertility, mortality, and migration. 
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Fig. 1. Age profiles of economic flows. Per capita age profiles of consumption, labor income, and public 
and private transfers for the United States (2009) (A to ©) and Thailand (2004) (D to F). Profiles are 
expressed relative to the mean labor income of persons 30 to 49 in each country. 
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Our analysis emphasizes fertility because it is 
an important determinant of age structure and 
because so many governments are encouraging 
higher fertility as a result of their concerns about 
population aging. Mortality decline also leads 
to older populations, but the effects are gradual, 
and no government has ever proposed slowing 
mortality decline to avoid population aging. Im- 
migration is often suggested to help reduce the 
population aging that results from low fertility. 
Immigration does lead to a younger population 
in the short term, but it has a muted effect in the 
long term. Immigrants are relatively young on 
average when they arrive, but over time their 
age distribution tends to become similar to or 
older than the age distribution of the receiving 
population. This occurs because the immigrant 
populations age and because immigrant fertility 
rates typically converge toward the fertility rates 
of the receiving population (72-74). A summary of 
the literature concluded that “a steady stream 
of migrants almost always makes a population 
younger in the short-term but older in the long- 
term” (13). Net immigration also raises the pop- 
ulation growth rate, which imposes capital costs, 
discussed below, that must be balanced against 
possible benefits from age structure. 

Thus, we consider the effect of fertility given 
the level of mortality in a population closed to 
migration. Given mortality and in the absence of 
migration, the population growth rate is deter- 
mined by fertility. What level of fertility and pop- 
ulation growth rate would maximize the FSR 
and SR in the long run? 

Given the NTA age profiles, we can easily find 
this level of fertility or growth rate by systematic 


Table 1. Key aging variables, definition, method 
WPP is World Population Prospects 2012 Revision; 


numerical search. To gain analytic insight, we 
can also differentiate the log of the support ratio 
(dn SR) with respect to the population growth 
rate (n), finding that dln SR/On = A, — Ay, (see 
supplementary materials). Here, A. is the aver- 
age age of consuming in the population, and A,, is 
the average age of earning. The differentiation 
is across long-run age distributions with dif- 
fering growth rates (steady-state age distribu- 
tions or stable-population age distributions). 
When A, > Ay, then earning occurs at a younger 
age than consumption, on average, so a younger 
population, achieved through higher fertility and 
more rapid population growth, would raise ef- 
fective workers more than effective consumers, 
thereby raising the SR, and conversely. At the 
maximum long-run SR, these average ages are 
equal, and the derivative equals zero (5). 

The SR is an intuitive and widely used indi- 
cator, but it has a serious limitation. Although 
higher fertility might push the SR higher, this 
could come at a cost: the increased saving and 
investment that would be required to provide 
capital for the growing labor force (5-8, 15-17). 
This “capital cost” of higher fertility and addi- 
tional population growth depends on the be- 
havioral responses of households and firms and 
on public policies that influence saving and in- 
vestment, for example, the extent of unfunded 
public pensions and health care. To deal with the 
uncertainty about future public policy, we con- 
sider two scenarios that in our view encompass 
the possible responses. 

In one approach, the low capital cost case, 
we assume that the ratio of capital to output is 
constant and unaffected by changing demog- 


of calculation, summary statistics, and sources. 
TA is from www.ntaccounts.org (accessed 10 July 


2013). The range and mean values, except those for the TFR, are the stable values that would result if 
current age-specific fertility and mortality rates persist. See supplementary materials for detailed method 


of calculation. 


Variable Definition and sources Range (mean) 

FSR Number of effective taxpayers per effective beneficiary 0.70 to 1.09 
determined by the population age distribution (WPP) (0.88) 
and the age profiles of per capita taxes paid and 
benefits received for all in-kind and cash transfer 
programs, including education, health care, and 
pensions (NTA). All values expressed relative to the 
FSR for 2010. 

Ac Average age at which goods and services are being 28.0 to 56.9 
consumed. This is determined by the age distribution (44.5) 
of the population (WPP) and the age profile of per capita 
consumption (NTA). 

Ay, Average age at which goods and services are being produced 35.2 to 474 
by workers. This is determined by the age distribution of (42.8) 
the population (WPP) and the age profile of per capita 
labor income (NTA). 

SR Number of effective producers per effective consumer 0.36 to 0.67 
determined by the population age distribution (WPP) (0.49) 
and the age profiles of per capita consumption and labor 
income (NTA). 

TFR Number of births per woman over the reproductive span, 1.1 to 5.6 
given current age-specific birth rates (WPP). (2.2) 


SCIENCE sciencemag.org 


raphy. In the face of fertility decline, policies 
are implemented as needed to reduce saving 
rates to achieve this outcome. This case would 
be optimal for one variant of a well-known eco- 
nomic growth model (9, 18, 19). Between 1980 
and 2004, the capital-output ratio was very sta- 
ble for many Organization for Economic Co- 
operation and Development (OECD) countries, 
including the United States, with about three 
dollars of capital for each dollar of output 
produced (20). We use the average value of 3.0 
to represent the low-capital-cost case. 

For the second case, the high capital cost case, 
we rely on the most widely used model of economic 
growth, the neoclassical model. We will use an 
important, special case of this model in which 
policies are used to achieve the saving rate that 
leads to the economic growth path with the 
highest possible consumption per capita, called 
“golden rule” growth by economists. Under these 
conditions, capital per worker rises when fer- 
tility falls, as has been true in Japan, many OECD 
countries, and recently many other high-income 
countries (27). Under the high-capital-cost sce- 
nario, the capital-output ratio rises to higher 
levels than currently found in any country. The 
increase in capital because of low fertility is 
consistent with the view recently advanced by 
Piketty (22). 

Again, the fertility rate that maximizes per 
capita consumption incorporating capital costs 
can be found by numerical search. For either 
of the cases, we can also differentiate across 
steady states, finding that the first order condi- 
tion for maximum consumption is d[In(lifetime 
consumption)|/dn = A, — Ay, — K/C, where K 
is capital and C is consumption. The SR effect is 
captured by A, - Ay,, whereas —K/C captures 
the capital costs of higher fertility or more rapid 
population growth (9). 

Table 2 reports the key results for 40 countries 
comparing each country’s current fertility (col- 
umn B) with the fertility rate that maximizes 
the FSR (column C), the SR (column D), and per 
capita consumption for the low- and high-capital- 
cost scenarios (columns E and F). Very low fer- 
tility does not adversely affect public finances 
in lower-income countries because public pro- 
grams for the elderly are quite limited and the 
elderly do pay taxes. For every high- and upper- 
middle-income country except South Africa and 
Thailand, current fertility is below the fertility 
level that maximizes the FSR—3.0 and 2.9 births 
per woman, respectively, for upper-middle- and 
high-income countries. We expect that public 
transfer programs will become more generous 
in countries that have not yet embraced them, 
so that higher TFRs will maximize their FSRs 
in the future. At the same time, future pension 
and health care reform in rich industrial na- 
tions and many Latin American countries may 
well reduce the TFRs that maximize their FSRs. 

The TFR that would maximize the support ra- 
tio (column D) is 1.8 births per woman in lower- 
income countries, 2.0 in upper-middle-income 
countries, and 2.3 in high-income countries. These 
values are lower than the FSR-maximizing values 
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because families bear most of the costs of child- 
rearing while governments, except in lower- 
income countries, are typically burdened more 
by the elderly. Still, one-third of the upper- 
middle-income countries and all high-income 
countries except Uruguay currently have fertil- 
ity below the level that maximizes the support 
ratio. For high income countries, 2.3 births per 
woman would be “best,” on average, as compared 
with a current value of 1.6 births per woman. 
Judged in this limited way, high-income coun- 
tries would benefit from higher fertility. 

The fertility rates that would maximize con- 
sumption, taking capital cost into account, are 
reported in columns E (low-capital-cost scenario) 
and F (high-capital-cost scenario). Using either 
of these measures, current fertility is higher than 
the consumption-maximizing level in every lower- 
income country except Vietnam and every upper- 
middle-income country except China, Hungary, 
and Thailand. In these four countries, fertility 
is too low with use of the low-capital-cost sce- 
nario and too high with use of the high-capital- 
cost scenario. However, we emphatically are not 
suggesting that these lower-income countries 
should be aiming for fertility as low as shown 
in Table 2. Development will likely lead to con- 
sumption and public support age profiles similar 
to those of richer countries. 

The picture is mixed for the higher-income 
countries. Consider the nine countries with 
TFRs above 1.6 births per woman in 2005 to 
2010 (Australia, Canada, Chile, Finland, France, 
Sweden, United Kingdom, United States, and 
Uruguay). In these countries, the TFR exceeds 
or is very close to the consumption-maximizing 
fertility level. Under any plausible assumption 
about the capital costs of higher fertility, these 
nine countries did not have fertility rates that 
were too low. For seven countries with TFRs 
ranging from 1.2 to 1.5 for 2005 to 2010 (Austria, 
Germany, Japan, Slovenia, South Korea, Spain, 
and Taiwan), higher fertility rates would result 
in higher consumption under any plausible sce- 
nario. For only one high-income country, Italy, is 
a definitive conclusion not possible. 

Very low fertility results in lower living stan- 
dards. Given current mortality rates, no immigra- 
tion, and age profiles of high-income countries, 
an n = -2% per year (TFR ~ 1.1) would reduce per 
capita consumption by 4% relative to consump- 
tion for z = 0 and TFR at replacement. Low fer- 
tility produces a smaller decline in consumption in 
lower- and upper-middle-income countries because 
elder consumption is not as high and because these 
countries have higher mortality rates (Fig. 2A). 
Given Japanese mortality rates, lost consumption 
would be greater for all income groups but espe- 
cially for high-income countries—a 7.6% decline 
compared with consumption at replacement fer- 
tility (Fig. 2B). These costs of low fertility would 
be smaller for the high-capital-cost scenario. 

The effects of having low fertility in 2005 to 
2010 unfold gradually as the lower stable SR is 
reached. Among the high-income countries with 
TFRs of 1.6 or higher, the stable SRs are about 
10% less than the 2010 SRs. For high-income 
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Table 2. Current TFRs and TFRs that maximize alternative objectives. Current TFRs are most 
recent estimates from the United Nations Population Division (1) and refer to the period of 2005 to 
2010. All other values calculated by using methods described in detail in the supplementary materials. 
Income group based on World Bank classification for 2014 (http://data.worldbank.org/about/country- 
and-lending-groups); lower income includes low-income and lower-middle-income countries. Results 
were calculated by using the age profiles of economic flows estimated for each country, a depreciation 
rate of 5% per year, and exogenous labor-augmenting technological growth of 2% per year. na, not 


available. 


Country/income THR 
ernp 2005-2010 FsR 
(B) (C) 
All countries 244 2.56 
Lower income 4.03 1.08 
Cambodia 3.08 na 
Ethiopia 5.26 na 
Ghana 4.22 na 
India 2.66 1.80 
Indonesia 2.50 0.88 
Kenya 4.80 1.12 
Mozambique 5.57 1.30 
Nigeria 6.00 na 
Philippines 3.27 13. 
Senegal 5Al 0.25 
Vietnam 1.89 na 
Upper-middle income 2.09 2.96 
Argentina 2.25 3.25 
Brazil 1.90 5.45 
China 163 2.64 
Colombia 245 3.77 
Costa Rica 1.92 3.85 
Hungary 1.33 2.58 
Jamaica 2.40 na 
Mexico 2.37 2.83 
Peru 2.60 3.45 
South Africa 2.55 0.97 
Thailand 1.49 0.79 
Turkey 2.16 na 
High income 1.65 2.94 
Australia 1.89 na 
Austria 1.40 3.74 
Canada 1.63 na 
Chile 1.90 3.63 
Finland 1.84 2.92 
France 1.97 na 
Germany 1.36 3:33 
Italy 1.38 na 
Japan 1.34 2.70 
Slovenia 1.44 3.25 
South Korea 1.23 2.07 
Spain 1.41 3.29 
Sweden 1.89 3.07 
Taiwan 1.26 1.85 
United Kingdom 1.88 3.00 
United States 2.06 2.16 
Uruguay 2.12 3.22 


countries with TFRs below 1.6, the stable SR is 
80% of its 2010 level. For these, South Korea ex- 
cluded, between 50 and 75% of the decline toward 
the stable SR would occur by 2030 (9) 

Based on Japan, with the oldest population in 
the world, the effects of low fertility highlighted 


TFR that maximizes each outcome 


Consumption, Consumption, 


a low-capital-cost high-capital-cost 
scenario (E) scenario (F) 
2:05 1.54 1.24 
17/5 1.21 0.91 
3.66 2.67 2.19 
1.40 0.91 0.62 
1.01 0.67 0.46 
1.93 1.40 1.06 
1.28 0.84 0.53 
2.07 1.54 1.26 
1.61 1.12 0.89 
0.96 0.54 0.29 
1.43 1.00 0.73 
1.32 0.67 0.28 
2.60 1.99 1.67 
2.01 1.51 1.20 
2.00 1.54 1.26 
2.29 1.82 1.50 
2.17 1.65 1.34 
2.04 1.49 1.13 
2.31 1.77 1.42 
1.89 1.47 121 
2.19 1.63 1.30 
1.98 1.47 1.14 
2.17 1.61 1.26 
1.40 1.02 0.82 
2.00 1:55 1.28 
1.63 1.08 0.71 
2.27 1.78 148 
2.70 2.06 1.70 
244 1.90 1.58 
1.96 1.55 1.26 
2.20 1.69 1.36 
2.30 1.83 1.54 
2 Al 1.92 1.61 
2.55 2.00 1.65 
2.11 1.65 1.34 
2.33 1.88 1:57 
2.21 1.78 1.52 
2.04 1.55 1.25 
2.20 1.73 1.43 
215 1.76 149 
2.115 1.70 1.43 
2.63 2.03 1.68 
2.33 1.84 1.50 
1.90 1.47 1.19 


in this study are already beginning to emerge (9). 
Because of low fertility and long life, the pop- 
ulation is aging rapidly, and the SR fell at 0.6% 
annually during the last decade, whereas the 
FSR fell even faster at 0.9%. However, slower 
and now negative labor force growth has led to 
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Fig. 2. Effect of population growth on consumption per equivalent adult 
as a percentage of consumption level for zero population growth. These 
data have their basis in the low-capital-cost case assuming that the saving rate 
adjusts to keep the capital-output ratio constant at 3.0 given own-country 
mortality rates (A) and 2009 Japanese mortality rates (B). Values are simple 
averages for countries in three groups: lower income, upper middle income, 


reduced capital costs of equipping the new work- 
ers. Even with lower saving rates from 2000 to 
2007 (the start of the global recession), the cap- 
ital output ratio has risen, and, remarkably, con- 
sumption per capita also rose at more than 2% 
annually. It seems possible through developments 
in robotics that capital will be able to substitute 
for labor in elder care. It remains true, however, 
that a TFR of 1.34 (the average for 2005 to 2010) 
will impose considerable strain on public fi- 
nances. Public debt is very high in Japan, making 
higher taxes and lower benefits a near certainty. 
But Japan is not experiencing economic decline, 
and standards of living continue to increase at 
favorable rates for an advanced economy—faster 
than long-term productivity growth. 

Many factors will influence the economic ef- 
fects of low fertility that are not part of the for- 
mal model used in the analysis. However, these 
additional considerations reinforce the basic con- 
clusion that low fertility is not a serious eco- 
nomic challenge. The effect of low fertility on 
the number of workers and taxpayers has been 
offset by greater human capital investment, en- 
hancing the productivity of workers (23). Targeted 
immigration policy might be helpful, although 
we are somewhat skeptical on this point (9). 
International capital flows, trade, and techno- 
logical innovation may mitigate some adverse 
effects of population aging. Behavioral responses 
are likely: Changes in patterns of work and con- 
sumption are already occurring. Governments 
are scaling back systems that are not sustainable 
given any likely demographic scenario. 

Fiscal pressures on public programs result- 
ing from population aging are real and impor- 
tant. If the subreplacement fertility levels found 
in many countries persist, larger adjustments in 
public programs and retirement age will be re- 
quired. The United States is exceptional with a 
TFR close to the level best for public finances. In 
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a number of countries, particularly those with 
very low fertility, standards of living would be 
moderately higher if fertility increased. Fertility 
as low as 1.6 births per woman and possibly even 
lower should not in itself be a matter of concern. 
Fertility below replacement and modest popula- 
tion decline favor higher material standards of 
living. 
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WORLD POPULATION 


World population stabilization 
unlikely this century 
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The United Nations (UN) recently released population projections based on data until 
2012 and a Bayesian probabilistic methodology. Analysis of these data reveals that, 
contrary to previous literature, the world population is unlikely to stop growing this 
century. There is an 80% probability that world population, now 7.2 billion people, will 
increase to between 9.6 billion and 12.3 billion in 2100. This uncertainty is much smaller 
than the range from the traditional UN high and low variants. Much of the increase is 
expected to happen in Africa, in part due to higher fertility rates and a recent slowdown in 
the pace of fertility decline. Also, the ratio of working-age people to older people is likely 
to decline substantially in all countries, even those that currently have young populations. 


he United Nations (UN) is the leading agen- 
cy that projects world population into the 
future on a regular basis (1). Every 2 years 
the UN publishes revised data of the pop- 
ulations of all countries by age and sex—as 
well as fertility, mortality, and migration rates— 
in a biennial publication called the World Pop- 
ulation Prospects (2). In July 2014, probabilistic 
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projections were released for individual countries 
to 2100. Unlike previous projections, these esti- 
mates allow us to quantify our confidence in proj- 
ected future trends using established methods of 
statistical inference. These projections are based 
on recent data, including the results of the 2010 
round of censuses and recent surveys until 2012, 
as well as the most recent data on incidence, prev- 
alence, and treatment for the countries most af- 
fected by the HIV/AIDS epidemic (3), which had 
not been included previously. 

Our analysis of these data shows that world pop- 
ulation can be expected to increase from the cur- 
rent 7.2 billion people to 9.6 billion in 2050 and 10.9 
billion in 2100 (Fig. 1A). These projections indicate 
that there is little prospect of an end to world pop- 
ulation growth this century without unprecedented 
fertility declines in most parts of sub-Saharan Africa 
still experiencing fast population growth. 

Traditionally, the UN has also provided high- 
and low-projection scenarios (shown in Fig. 1A), 
obtained by adding or subtracting half a child 
from the total fertility rate [((TFR) in children per 
woman] on which the main (or medium) projec- 
tion is based, for each country and all future time 


periods. These scenarios have been criticized as 
having no probabilistic basis and leading to in- 
consistencies (4, 5). For example, though it is plau- 
sible that fertility could exceed the main projection 
by half a child in a given country and year, it is 
unlikely that this would be the case for all coun- 
tries and all years in the future, as assumed in the 
high projection. 

In a methodological innovation aimed at over- 
coming this limitation, we derived new probabi- 
listic projections based on probabilistic Bayesian 
hierarchical models for major components of 
demographic change—namely, fertility (6-8) and 
life expectancy (9, 10). These models incorpo- 
rated available data and take advantage of data 
from other countries when making projections 
for a given country. They also incorporated ex- 
ternal information through Bayesian prior dis- 
tributions, including an upper bound of 1.3 years 
per decade on the asymptotic rate of increase of 
life expectancy, based on historic data on life 
expectancy in leading countries (77) and on 
changes in the maximum age at death (72). The 
models included the assumption that the TFR 
for a country will ultimately fluctuate around a 
country-specific long-term average that is esti- 
mated from the data; these long-term averages 
are between 1.5 and 2 children per woman for 
most countries with high probability (7). 

Probabilistic population projections were then 
obtained by inputting the output from the sta- 
tistical models to the standard cohort component 
projection method (4, 13). Aggregates were based 
on individual country projections and take into 
account the correlations between countries’ fertility 
future trajectories (8). The models yielded prob- 
abilistic projections and, thus, probabilistic limits 
for future quantities of interest, responding to calls 
for probabilistic population forecasting (5). (See the 
supplementary materials and http://esa.un.org/ 
unpd/ppp/ for summary tables, plots, assumptions, 
and methodology.) Here we summarize the overall 
trends and discuss their implications for world 
population in the future. The probabilistic proj- 
ections of world population (Fig. 1A) provide a 
general statement of the confidence we can have 
in the projections. For example, there is a 95% 
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Fig. 1. World and 
continental population 
projections. (A) UN 2012 
world population 
projection (solid red line), 
with 80% PI (dark shaded 
area), 95% PI (light 
shaded area), and the 
traditional UN high 

and low variants (dashed 
blue lines). (B) UN 2012 
population projections by 
continent. In both panels, 
the vertical dashed line 
denotes 2012. 


Fig. 2. TFR and population 
projections for Nigeria. 
UN 2012 projection of (A) 
TFR and (B) total popula- 
tion for Nigeria (solid red 
lines), with 80% PI (dark 
shaded areas), 95% PI 
(light shaded areas), and 
traditional UN high and low 
variants (dashed blue lines). 
In both panels, the vertical 
dashed line denotes 2012. 
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probability that world population in 2100 will be 
between 9.0 and 13.2 billion people. The proj- 
ections also provide updated answers to long- 
standing questions about population change. Lutz 
et al. (14) gave an 85% probability that world pop- 
ulation growth would end in the 21st century, but 
our probabilistic projection indicates that this prob- 
ability is much lower, at only 30%. Lutz et al. (15) 
considered a doubling of world population from 
1997 to 2100 to be unlikely, with a probability of 
one-third. We found a similar but slightly lower 
probability of 25%. The probabilistic intervals were 
much narrower than those between the traditional 
high and low scenarios, which seem to overstate 
uncertainty about future world population. 

Figure 1B shows the projections of total pop- 
ulation for each continent to the end of the cen- 
tury. Asia will probably remain the most populous 
continent, although its population is likely to peak 
around the middle of the century and then de- 
cline. The main reason for the increase in the proj- 
ection of the world population is an increase in 
the projected population of Africa. The continent's 
current population of about 1 billion people is 
projected to rise to between 3.1 and 5.7 billion 
with probability 95% by the end of the century, 
with a median projection of 4.2 billion. Although 
this estimate is large, it does not imply unprece- 
dented population density: Under this projection, 
Africa’s population density would be roughly equal 
to that of China today. 

The increase in the projected population of 
Africa is due to persistent high levels of fertility 
and the recent slowdown in the rate of fertility 
decline (J6). Three-quarters of this anticipated 
growth is attributable to fertility levels above the 
replacement level, and the remaining quarter is 
due to mortality reduction and current youthful 
age structure (17). Since 1950, fertility has de- 
clined rapidly in Asia and Latin America and has 
also started to decline in Africa. Demographers 
had projected that fertility in African countries 
would decline at a rate similar to what has been 
observed in Asia and Latin America. 

However, although fertility has been declining 
in Africa over the past decade, it has been doing 
so at only about one-quarter of the rate at which it 
declined in Asia and Latin America in the 1970s, 
when these regions were at a comparable stage of 
the fertility transition (J6). Indeed, in some African 
countries, the decline seems to have stalled (18). 

Bongaarts and Casterline (16) suggest two 
reasons for the slower fertility decline in sub- 
Saharan Africa. First, they note that despite 
declines in fertility desires in Africa, the most 
recent levels of ideal family size are still high, 
with a median of 4.6 children per woman. 
This is in line with prevailing family norms 
(19) and the fact that the TFR before fertility 
started to decline was higher in Africa (6.5) than 
in the other regions (5.8) (20, 27). Second, the 
unmet need for contraception (the difference 
between the demand for contraception and its 
use) has remained substantial at ~25%, with no 
systematic decline over the past 20 years (22). 

A stall in the decline in the past decade is ap- 
parent from the past and projected levels of TFR 
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Fig. 3. PSR by country. (A to F) UN projections of PSRs, equal to the number of people aged 20 to 64 divided by the number of people aged 65 or over 


(solid red lines), with 80% PI (dark shaded areas 


for Nigeria, the most populous country in Africa 
(Fig. 2A). The UN’s projection continues to fore- 
cast a decline, but the uncertainty bands are 
wide, indicating that the stall could continue 
for a considerable time. This continued high 
fertility would result in a projected increase in 
total population of more than fivefold by 2100, 
from the current 174 to 914 million (Fig. 2B). 
There is considerable uncertainty about this pro- 
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jection, but there is still a 90% probability that 
Nigeria’s population in 2100 will exceed 532 mil- 
lion, a more-than-threefold increase. 

We also indicate the likely level of population 
aging in different countries. One measure of this is 
the potential support ratio (PSR), which is equal 
to the number of people aged 20 to 64 divided by 
the number of people 65 and over (Fig. 3). This 
can be viewed very roughly as reflecting the num- 


and 95% PI (light shaded areas) shown. In all panels, the vertical dashed line denotes 2012. 


ber of workers per retiree. Currently, the country 
with the lowest PSR is Japan, with 2.6. 
Germany’s PSR is currently 2.9 and is proj- 
ected to decline rapidly at first, to 1.7 in 2035 and 
then to 1.4 by the end of the century. Although 
there is uncertainty about the level at the end of 
the century, with an 80% prediction interval (PI) of 
11 to 17, it is likely that the German PSR will be 
well below the current Japanese ratio. The current 
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PSR in the United States is 4.6, and this is projected 
to decline to 1.9 by 2100 (80% PI: 1.6 to 2.2). 

Whereas the population aging issues of devel- 
oped countries have been widely discussed (23), the 
likely patterns in developing populations that cur- 
rently have young populations are less well known. 
China’s PSR is projected to decline to 1.8 (80% PI: 
1.4 to 2.3) from the current high level of 7.8. Brazil's 
PSR is currently 8.6 and is projected to decline to 
15 (80% PI: 1.0 to 2.0), which is well below the 
current Japanese level. India has a PSR of 10.9, but 
this is projected to decline to 2.3 (80% PI: 1.5 to 3.2) 
by the end of the century. The only country in Fig. 
3 that is projected to have a PSR above 3 by the end 
of the century is Nigeria, whose PSR is currently at 
the high level of 15.8 and is projected to decline 
to 5.4 (80% PI: 3.4 to 7.8). 

These results suggest some important policy 
implications. Rapid population growth in high- 
fertility countries can create a range of challenges: 
environmental (depletion of natural resources, pol- 
lution), economic (unemployment, low wages, 
poverty), health (high maternal and child mor- 
tality), governmental (lagging investments in 
health, education, and infrastructure), and social 
(rising unrest and crime) (24). 

Among the most robust empirical findings in 
the literature on fertility transitions are that higher 
rates of contraceptive use and female education 
are associated with faster fertility decline (25). 
These suggest that the projected rapid population 
growth could be moderated by greater investments 
in family planning programs to satisfy the unmet 
need for contraception (26, 27), as well as invest- 
ments in girls’ education. It should be noted, how- 
ever, that the UN projections are based on an 
implicit assumption of a continuation of existing 
policies and reform efforts, but an intensification of 
current investments would be required for faster 
changes to occur. It should also be noted that the 
projections do not take into account potential neg- 
ative feedback from the environmental conse- 
quences of rapid population growth. The addition 
of several billion people in Africa could lead to 
severe resource shortages that, in turn, could affect 
population size through unexpected mortality, mi- 
gration, or fertility effects. 

The implications are not all negative, however. 
Rapid fertility decline brings with it the prospect of 
a potential long-lasting demographic dividend in 
countries that currently have high fertility, such as 
Nigeria (see Fig. 3). Figure 3 also suggests that de- 
veloping countries with young populations but lower 
fertility (e.g., China, Brazil, and India) are likely to 
face the problems of aging societies before the end 
of the century. This prediction suggests that these 
countries need to invest some of the benefits from 
their demographic dividends in coming decades 
in provisions for future seniors, such as social 
security, pension, and senior health care funds. 
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A latent neurogenic program in 
astrocytes regulated by Notch 
signaling in the mouse 


Jens P. Magnusson, Christian Géritz,’* Jemal Tatarishvili,” David O. Dias," 
Emma M. K. Smith,” Olle Lindvall,” Zaal Kokaia,” Jonas Frisén'+ 


Neurogenesis is restricted in the adult mammalian brain; most neurons are neither 
exchanged during normal life nor replaced in pathological situations. We report that stroke 
elicits a latent neurogenic program in striatal astrocytes in mice. Notch] signaling is 
reduced in astrocytes after stroke, and attenuated Notchi signaling is necessary for 
neurogenesis by striatal astrocytes. Blocking Notch signaling triggers astrocytes in the 
striatum and the medial cortex to enter a neurogenic program, even in the absence of stroke, 
resulting in 850 + 210 (mean + SEM) new neurons in a mouse striatum. Thus, under Notch 
signaling regulation, astrocytes in the adult mouse brain parenchyma carry a latent 
neurogenic program that may potentially be useful for neuronal replacement strategies. 


eurogenesis in the adult brain is largely 

restricted to the dentate gyrus and the 

subventricular zone lining the lateral 

ventricles. However, astrocytes close to 

a lesion can display neural stem cell prop- 
erties when assayed in vitro (J-3), and astro- 
cytes can be forced to either convert into (4, 5) 
or produce neurons (6) when reprogrammed 
by ectopic expression of transcription factors 
in vivo. 


To explore the in vivo neurogenic potential 
of astrocytes, we used Connexin-30-CreER (Cx30- 
CreER) transgenic mice (7) carrying a R26R-yellow 
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Fig. 1. Striatal astrocytes produce neuroblasts after stroke. (A) Experi- 
mental time line. In uninjured Cx30-CreER mice, recombined DCX* neuro- 
blasts are restricted to the subventricular zone (B) but appear also in the 
striatum after stroke (C and D). Arrowheads highlight examples of neuro- 
blasts. LV, lateral ventricle. Error bars in (D) show SEM. w, weeks. (E to G) 
Many recombined striatal astrocytes up-regulate Ascll [(D) and (E)], and 
clusters of recombined, proliferating (Ki67*) cells expressing Ascll (F) or 
DCX (G) appear in the striatum. (H) Some recombined cells express the 
mature neuronal marker NeuN. (I to N) Injection of Adeno-GFAP-Cre virus 
with astrocyte-specific Cre expression into the striatum does not trigger a 
neurogenic reaction [(I) and (K)], but after stroke recombined astrocytes up- 
regulate Ascll and produce neuroblasts [(J) and (L) to (N)]. Scale bars: (C) 
and (J), 500 um; (E) to (H) and (K) to (N), 10 um. 
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Fig. 2. Reduced Notch signaling in astrocytes that enter a neurogenic program. Many astrocytes in 
the uninjured striatum have active Notchl signaling, as revealed by Notch] activity—induced B-Gal expression 
and nuclear NICD protein (A and B). Two weeks after stroke in Notchl reporter mice, cells in a large area of 
the injured striatum lack NICD protein (C) and B-Gal mRNA (D), but many still contain the long-lived B-Gal 
protein (C). (E) NICD and B-Gal in striatal S100* astrocytes. Most Ascll-expressing astrocytes lack nuclear 
NICD in the injured striatum (F) but retain B-Gal protein (G). Arrowheads highlight individual cells. Scale bars: 


(A), (C), (F), and (G), 10 um; (B) and (D), 100 um. DAPI, 4'6-diamidino-2-phenylindole. 


fluorescent protein (YFP) reporter allele (8) for 
genetic fate mapping after experimental stroke. 
Stroke was induced by transient occlusion of the 


238 


middle cerebral artery, a procedure that gener- 
ated an ischemic lesion primarily in the striatum. 
We waited 1 week between giving tamoxifen and 
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Fig. 3. Ectopic Notch] activation in astrocytes 
inhibits stroke-induced neuroblast production. 
Ectopic Notchl activation is sufficient to inhibit 
Ascll expression and neuroblast production by as- 
trocytes after stroke. Error bars show SEM. GFP, 
green fluorescent protein. 


inducing the stroke, to allow for the tamoxifen 
to be eliminated and exclude the possibility of 
recombination in other cell types after stroke 
(Fig. 1A). The Cx30-CreER transgene allows spe- 
cific recombination in a large subset of paren- 
chymal astrocytes throughout the brain (37 + 10% 
of glutamine synthetase”, S100* cells in the stria- 
tum, mean + SEM) (fig. S1), as well as in subven- 
tricular zone astrocyte-like neural stem cells (9). 
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Fig. 4. Deletion of RBP-J« 
triggers neuroblast 
production by astrocytes 

in the striatum and medial 
cortex. (A to C) Deletion of 
RBP-Jx in astrocytes of adult 
Cx30-CreER mice leads to the 
appearance of ectopic Ascl1* 
cells and DCX* neuroblasts in 
the striatum in the absence of 
injury. Arrowheads point to 
examples of neuroblasts. cKO, 
conditional knockout. (D and E) 
With time, some striatal 
neuroblasts mature into 
neurons. (F to L) Injection of 
Adeno-GFAP-Cre virus into the 
striatum of animals heterozy- 
gous for the mutated RBP-J« 
allele does not cause Ascl1* or 
DCX* cells to appear [(F) and 
(H)] but in homozygous 
animals induces astrocytes to 
up-regulate Ascl1 and 

produce neuroblasts [(G) and 
(1) to (L)]. Arrowheads in (J) to 
(L) highlight individual cells. 
(B) and (M to R) Cx30-CreER- 
mediated RBP-Jx deletion 
triggers the appearance of 
Ascll* cells and neuroblasts 
also in the superficial medial 
cortex [red areas in (M), arrows 
in (B)]. Arrowheads in (R) show 
cell clusters. Error bars in (C), 
(D), and (N) show SEM. Scale 
bars: (B) and (G), 500 um; 
(E) and (H) to (L), 10 um; (0) 
and (Q), 200 um; (P) and 

(R), 25 pm. 
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As previously described, stroke triggered the 
appearance of many doublecortin-positive (DCX*) 
recombined neuroblasts in the affected striatum 
(0, 11) (Fig. 1, B to D) (2 = 12 mice). We found 
signs that some of these neuroblasts might have 
been generated locally within the striatum, 
rather than having migrated from the subven- 
tricular zone. Beginning at 2 days after stroke, 
scattered astrocytes in the medial striatum ex- 
pressed Ascll (Fig. 1E and fig. S2), a proneural 
transcription factor (12). At this time point, all 
$100*,Ascli* astrocytes proliferated (fig. $2, C 
to F) and subsequently formed clusters of re- 
combined, proliferating Ascll* cells (Fig. 1F), 
no longer expressing the astrocyte marker S100 
(fig. S2,G and H). Up to ~70% of S100* astrocytes 
expressed Ascl1 in the most dense patches along 
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the border of the lesion (fig. S3). Two weeks after 
the stroke, tightly packed clusters of recom- 
bined DCX*,Ki67* neuroblasts appeared in the 
medial striatum; these neuroblasts were small 
and round and lacked the bipolar processes seen 
on migrating neuroblasts (Fig. 1G). All DCX” cells 
coexpressed polysialylated neural cell adhesion 
molecule (PSA-NCAM) (fig. S21). The number of 
cells in the striatum expressing Ascl1 and DCX 
increased from 2 to 7 weeks (3900 + 990 DCX* 
cells per lesion at 7 weeks, mean + SEM) after 
the stroke (Fig. 1D) but maintained their general 
distribution (fig. S3). All described intermediate 
stages were continuously present, indicating that 
new astrocytes were being recruited for at least 
7 weeks. Some of these neuroblasts developed 
into mature NeuN* neurons (340 + 160 cells per 
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striatum at 7 weeks after stroke, mean + SEM) 
(Fig. 1, D and H)—of which several expressed neu- 
ronal nitric oxide synthase (nNOS), a marker for 
GABAergic medium-sized striatal interneurons— 
and formed synaptic connections (fig. S4). 
Because Cx30-CreER mice also target cells in 
the subventricular zone, it was not possible to 
exclude a periventricular origin of these new 
cells. We specifically fate-mapped striatal astro- 
cytes by injecting adenovirus expressing Cre un- 
der either the general cytomegalovirus (CMV) 
promoter or the astrocyte-specific human glial 
fibrillary acidic protein (GFAP) promoter in the 
striatum of R26R-YFP mice (94 to 99% specific- 
ity) (fig. S5). We used an oblique injection route, 
allowing local recombination of striatal astrocytes 
without transducing cells in the subventricular 
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zone or rostral migratory stream (Fig. 1, land J, 
and fig. S6, A and B). The virus injection itself 
did not cause any ectopic Ascl1* or DCX* cells to 
appear (Fig. 1, I and K, and fig. S6, A and C). 
Animals were subjected to stroke and analyzed 
7 weeks later. Many Ascl1* cells and DCX* neu- 
roblasts, some of which expressed NeuN, ex- 
pressed YFP in the virus-injected area of the 
striatum (Fig. 1, J and Lto N, and fig. S6, B and 
D to G) (n = 6 mice), demonstrating that stri- 
atal astrocytes had generated neuroblasts after 
the stroke. 

Seven weeks after stroke, 31 + 4% (mean + SEM) 
of recombined neuroblasts were found in clusters 
in Cx30-CreER mice, indicative of a local striatal 
origin. A fate-mapping study demonstrated that 
33% of striatal neuroblasts derive from nestin- 
expressing subventricular zone stem cells after 
stroke (13), which suggests that approximately 
between one-third and two-thirds of the new neu- 
rons derive from striatal astrocytes after stroke. 

Cx30-CreER-recombined striatal astrocytes 
in uninjured animals were negative for the neu- 
ral stem cell marker nestin, whereas 95% were 
Sox2-positive (fig. S1, B, F, and H). In transgenic 
reporter mice where activation of the Notch1 
receptor leads to expression of B-galactosidase 
(B-Gal) (14), B-Gal mRNA was abundant in the 
uninjured brain parenchyma, and half of all 
S100* striatal astrocytes were positive for the 
B-Gal protein (Fig. 2, A, B, and E) (m = 5 mice). 
The nuclei of these cells also contained the 
cleaved Notchl intracellular domain (NICD), 
which is present in cells with active Notch 
signaling (Fig. 2, A and E). 

Neural stem cell quiescence is regulated in 
part by Notch1 signaling (12, 15). We found that 
stroke caused a reduction in the protein levels of 
Notch receptors 1, 2, and 3, as well as the Notch 
ligands DIl1, Jagged1, and Jagged2, whereas D113 
levels were increased, in the affected striatum 
3 days after stroke (fig. S7). Two weeks after 
stroke, both NICD protein and B-Gal mRNA in 
Notch1 reporter mice had become undetectable 
in a large area in the striatum, demonstrating 
that cells no longer had active Notch! signaling 
(Fig. 2, C and D) (n = 6 mice). However, many 
NICD-negative astrocytes still contained detect- 
able B-Gal protein (Fig. 2, C and E), probably due 
to a relatively high stability of this protein (16). 
Most Ascli* astrocytes were located on the very 
border of the area devoid of NICD immunore- 
activity and were negative for NICD (Fig. 2F). They 
did, however, still contain low levels of B-Gal pro- 
tein 3 days and 2 weeks after stroke (Fig. 2G). 
The absence of NICD and presence of 8-Gal protein 
suggested that Notch1 signaling was reduced 
as astrocytes entered the neurogenic program 
and that the astrocytes that up-regulated Ascl1 
and produced neuroblasts after stroke were the 
ones that had been identifiable by having active 
Notch! signaling before the injury (fig. S8). 

To assess whether reduction of Notch! signal- 
ing is required for triggering striatal astrocytes 
to enter the neurogenic program in response to 
stroke, we artificially maintained Notch1 signal- 
ing after stroke. We used Cx30-CreER mice homo- 
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zygous for conditional NICD alleles, in which 
tamoxifen administration results in ectopic ex- 
pression of NICD and green fluorescent protein 
(7). Seven weeks after stroke, Cx30-CreER;R26R- 
YFP control mice had recombined Ascll* and 
DCX’ cells in the striatum, as expected (6 and 
16 cells/mm”, respectively; n = 4 mice). However, 
virtually no recombined Ascl1* cells (0.04 cells/ 
mm?) or DCX* cells (0.02 cells/mm?) were found 
in the striatum when NICD was ectopically ex- 
pressed in astrocytes (7 = 4 mice) (Fig. 3 and fig. 
$9). Thus, reduced Notch! signaling is necessary 
for activation of the latent neurogenic program 
in the striatum. 

We next asked whether experimental reduc- 
tion of Notch signaling in striatal astrocytes could 
activate the latent neurogenic program, even in 
the absence of stroke. We deleted RBP-J« (CSL), 
an obligatory transcription factor for canonical 
Notch signaling that is present in all NICD* stri- 
atal astrocytes (fig. SIOA), using Cx30-CreER; 
R26R-YFP mice homozygous for conditional 
RBP-J« null alleles (78). Abolishing Notch sig- 
naling in astrocytes largely phenocopied the 
effect of stroke (n = 20 mice) (Fig. 4, A and B, and 
fig. S10, B to F). Ascl1* astrocytes first appeared in 
the medial striatum 2 weeks after tamoxifen ad- 
ministration and 1 week later across the entire 
striatum. Proliferation was restricted to the 
$100*,Ascli* cells in the medial striatum (fig. S11). 
From 3 weeks after recombination, tightly packed 
clusters of recombined, proliferating cells ex- 
pressing Ascl1 and DCX, or containing a mix of 
both, appeared in the same region (figs. S10, C to 
F; SIF; and S12). The vast majority of neuroblasts 
(83 + 2%, mean + SEM) were found in clusters in 
the striatum 3 weeks after tamoxifen adminis- 
tration, suggesting that striatal astrocytes repre- 
sent the dominating source of neuroblasts after 
blocking Notch signaling. Whereas the number 
of striatal Ascl1* cells was highest 4 weeks after 
tamoxifen injection, neuroblast numbers in- 
creased with time, peaking at up to 17,000 cells 
per striatum 8 weeks after the administration 
of tamoxifen (6400 + 3200 DCX*™ cells per stria- 
tum, mean + SEM) (Fig. 4C). Even 34 weeks 
after tamoxifen administration, Ascl1* astro- 
cytes and some DCX” cells were present in the 
striatum. If each cluster originated from a sin- 
gle astrocyte, we estimated that each Ascl1* 
astrocyte initiates a series of four to five cell 
divisions before differentiating into DCX” cells 
that divide once, resulting in ~40 neuroblasts. 
Over time, DCX” cells developed elaborate pro- 
cesses and neuronal morphology, and up to 1500 
recombined cells per striatum expressed NeuN 
(850 + 210 cells per striatum at 34 weeks, mean + 
SEM) (Fig. 4, D and E), of which the majority 
were positive for nNOS and some had formed 
synaptic connections (fig. S13). 

Deletion of RBP-J« exclusively in striatal astro- 
cytes, using either the Ad-GFAP-Cre or Ad-CMV- 
Cre virus, caused up-regulation of Ascl1 in 43 + 4% 
(mean + SEM) of the recombined astrocytes 
and the generation of recombined neuroblasts 
(13 + 5% of YFP* cells at 8 weeks after virus in- 
jection) in mice homozygous (n = 9 mice), but 


not heterozygous (n = 21 mice), for the condi- 
tional RBP-J« mutation (Fig. 4, F to L, and fig. S14, 
A to E). Some neuroblasts developed branched 
processes and up-regulated NeuN (fig. S14F). 
No migration of recombined neuroblasts was 
observed from the subventricular zone in these 
experiments, demonstrating the specificity of 
the recombination strategy to striatal astro- 
cytes and corroborating on-site neurogenesis 
within the striatum. 

We finally asked whether the Notch-regulated 
latent neurogenic program was restricted to as- 
trocytes in the striatum. Analysis of the brains of 
Cx30-CreER;R26R-YFP mice in which RBP-J« had 
been ablated in astrocytes revealed a neurogenic 
potential of astrocytes also in the medial cortex 
(Fig. 4M). Ascll-expressing astrocytes and cell 
clusters, as well as up to 2900 DCX* neuroblasts 
(1600 + 530 DCX™ cells 8 weeks after tamoxifen 
administration, mean + SEM), were seen in the 
superficial cortex in all animals (n = 20 mice), in 
a band <200 um on either side of the medial 
longitudinal fissure (Fig. 4, B and M to R, and fig. 
S15). DCX* cells in this area never acquired bi- 
polar processes but were always small, round, 
and tightly clustered together. No ectopic DCX* 
cells were seen in other parts of the central ner- 
vous system. In mice in which astrocytes were 
targeted instead using a GLAST-CreER trans- 
gene (7), recombined ectopic Ascll* and DCX* 
cells were generated in the same regions as in the 
Cx30-CreER mice, both after stroke (striatum; 
n= 9 mice) and after RBP-J« deletion (striatum 
and medial cortex; n = 6 mice) (fig. S16). Nei- 
ther stroke nor deletion of RBP-J« resulted in 
generation of neuroblasts from oligodendrocyte 
progenitors (fig. S17). 

Our results reveal a latent neurogenic po- 
tential in a population of astrocytes outside the 
neurogenic niches and delineate its molecular 
regulation. In contrast to other mammals, adult 
humans exhibit substantial neurogenesis in 
the healthy striatum (79). Our results raise the 
possibility that some new striatal neurons may 
derive from local astrocytes in the adult human 
brain, rather than from the adjacent subventric- 
ular zone. Neuronal loss in the striatum charac- 
terizes several neurological conditions. Blocking 
canonical Notch signaling resulted in a compa- 
rable density of new neurons (42 neurons/mm°), 
as has been reported to have beneficial effects after 
interneuron transplantation (39 neurons/mm’; 
see supplementary materials and methods) in an 
animal model of Parkinson’s disease (20), sug- 
gesting that inducing endogenous generation 
of interneurons can be an attractive alternative 
to transplantation. Our findings of a latent neu- 
rogenic program within the striatum and the 
characterization of its molecular regulation point 
to a route for developing neuronal replacement 
therapies. 
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In 2010, the international community, under the auspices of the Convention on Biological 
Diversity, agreed on 20 biodiversity-related “Aichi Targets” to be achieved within a 
decade. We provide a comprehensive mid-term assessment of progress toward these 
global targets using 55 indicator data sets. We projected indicator trends to 2020 using an 
adaptive statistical framework that incorporated the specific properties of individual 
time series. On current trajectories, results suggest that despite accelerating policy and 
management responses to the biodiversity crisis, the impacts of these efforts are unlikely 
to be reflected in improved trends in the state of biodiversity by 2020. We highlight 
areas of societal endeavor requiring additional efforts to achieve the Aichi Targets, and 
provide a baseline against which to assess future progress. 


ontinued degradation of the natural world 
and the goods and services it provides to 
humankind has led to the adoption of nu- 
merous international agreements aimed 
at halting the decline of biodiversity and 
ecosystem services [e.g., (7)]. The Parties to the 
Convention on Biological Diversity (CBD) in 2002 
committed to a significant reduction in the rate 
of biodiversity loss by 2010 (2), which, despite 
some local successes [e.g. (3)], did not lead to a 
reduction in the overall rate of decline (4, 5). Re- 
newed commitments were made in the Strategic 
Plan for Biodiversity 2011-2020 (6), which calls 
for effective and urgent action this decade. These 
goals are supported by 20 “Aichi Biodiversity Tar- 
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gets” to be met by 2020 at the latest (table S1), 
covering “pressures” on, “states” of, and “benefits” 
from biodiversity and “responses” to the bio- 
diversity crisis [sensu (4, 7); table S2]. Objectively 
quantifying progress toward these international 
environmental commitments is critical for as- 
sessing their impact and efficacy, yet as the mid- 
point of this 10-year period approaches, progress 
toward the Aichi Targets has not been quantita- 
tively evaluated. 

To address this gap, we assembled a broad suite 
of indicator variables to estimate historical trends 
and project to 2020 (8). Building on the CBD’s 
indicative list (9), we performed a data scoping 
of more than 160 potential indicators and re- 
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viewed them against five criteria for inclusion, 
namely: (i) high relevance to a particular Aichi 
Target and a clear link to the status of biodiver- 
sity; (ii) scientific or institutional credibility; (iii) 
a time series ending after 2010; where unavail- 
able but indicator fills a sizable gap, data ending 
as near to 2010 as possible; (iv) at least five an- 
nual data points in the time series; and (v) broad 
geographic (preferably global) coverage. Of the 163 
potential indicators, 55 met these criteria (table S1), 
almost double the number used to test whether 
the 2010 target had been met (4). In total, we as- 
sembled indicators for 16 of the 20 targets (table 
S1), and progress to two more was measurable. 

We fitted models to estimate underlying trends 
using an analysis framework adaptive to the 
highly variable statistical properties of the in- 
dicators. Dynamic linear models (J0) were fitted 
to high-noise time series, while parametric mul- 
timodel averaging (17) was used for those with low 
noise. We projected model estimates and confi- 
dence intervals to 2020 to estimate trajectories 
and rates of change for each indicator (Fig. 1). 

As most targets lack explicitly quantifiable def- 
initions of “success” for 2020 (and those that 
have definitions for some components lack them 
for others), it was not generally possible to mea- 
sure progress in terms of distance to a defined 
end point. Therefore, we assigned indicators as 
states, pressures, benefits, or responses and com- 
pared projected values in 2020 against modeled 
2010 values (underlying trend estimates) for all 
indicators, while additionally measuring abso- 
lute progress where possible. 

Societal responses to the biodiversity crisis 
generally showed improvements, with 21 of 33 
response indicators (64%) projected to increase 
significantly by 2020, and most of the remainder 
having an increasing mean trend. Those increas- 
ing significantly included eight of nine indicators 
of protected area coverage, representativeness, and 
management (target 11) and all four indicators 
of sustainable management (fisheries and forest 
certification, organic farming, and conservation 
agriculture; targets 6 and 7), along with two of 
three indicators for research and data provision 
(Global Biodiversity Information Facility records, 
research into economic valuation of biodiversity; 
targets 2 and 19) and two of three indicators of 
biodiversity awareness (percentage of people who 
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have heard of biodiversity, percentage correctly 
defining biodiversity; target 1). However, none of 
the nine indicators of financial resources showed 
a significant increase by 2020 (though seven did 
show positive mean trends), nor did national legis- 
lation to prevent or control invasive species. 

In contrast, for the underlying state of bio- 
diversity and the pressures upon it, our projec- 
tions indicate no significant improvement or a 
worsening situation by 2020, relative to 2010. 
Five of seven pressure indicators (71%) showed 
significant increases (a worsening situation), 
including those measuring consumption (eco- 
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logical and water footprints, global fishing trawl 
effort), pollution (nitrogen surplus), and invasive 
species introductions. Recently emerging pres- 
sures (table S5) may also affect outcomes of 
targets. Among state and benefit indicators, 11 
of 17 (65%) showed significant worsening trends, 
including two indicators of habitat loss (wetland 
extent and sea ice extent), two of three indicators 
of population abundance (Farmland Bird Index, 
Living Planet Index), all six indicators of species 
extinction risk [an aggregate IUCN Red List Index 
(RLI) along with disaggregated indices relevant 
to particular targets], and an indicator of domes- 
ticated breeds at risk. We caution, however, against 
overinterpreting the broader picture for benefits 
from only three indicators (Fig. 2). 

Although some progress is evident across com- 
ponents of individual targets, including targets 
1 (awareness), 11 (protected areas), and 19 (knowl- 
edge), if biodiversity and ecosystem services are 
to be maintained and extinction risk averted (tar- 
gets 12, 13, and 14), additional effort is required to 
reduce pressures, particularly in relation to tar- 
gets 4 (sustainable production and consumption), 
5 (habitat loss), 8 (pollution), 9 (invasive species), 
and 10 (climate change impacts) (see fig. S54). For 
target components with specific numeric goals, 
we found a mixed picture, where measurable: On 
current trajectories, the rate of loss of natural hab- 
itats (target 5) will not be halved by 2020, all fish 
stocks will not be sustainably harvested (target 6), 
and the 10% marine area protection (target 11) 
will not be met, though taking into account tar- 
gets set by the parties, actual progress on the 
latter could exceed extrapolated values (12). How- 


A Global effort in bottom-trawl fishing 


ever, the 17% terrestrial protection component of 
target 11 is projected to be achieved; target 16 
(Nagoya Protocol is in force and operational) and 
at least part of target 17 (development and adop- 
tion of national biodiversity strategy and action 
plans) are also likely to be met by 2015 (8). Al- 
though mobilization of financial resources ap- 
pears to be generally accelerating, our analyses 
did not detect significant increases by 2020 (tar- 
get 20); such increases will be needed to support 
progress toward other targets (13). 

Comparing the aggregated differences between 
results for pressure, state, and benefit indica- 
tors with those for responses suggests a world 
in which increasing recognition of the biodiver- 
sity crisis is evident, and growing efforts are 
being made to address it, but one in which the 
effect of these efforts appears unlikely to be re- 
flected in an improvement in the base state of 
biodiversity by 2020 (Fig. 2). However, when 
comparing estimated annual rates of change for 
each indicator between 2001 to 2010 and 2011 to 
2020, our analyses suggest that whereas those 
for pressure, state, and benefit indicators remain 
largely unchanged during this period, many re- 
sponse indicators show a positively accelerating 
rate of change; i.e., a rapid or exponential growth 
rate (Fig. 3). Although the short post-2010 time 
span makes it difficult to resolve significant changes 
in velocity, particularly for financial indicators 
where there remains large uncertainty, this pro- 
jected acceleration of response indicators without 
a comparable signal of their beneficial impacts 
on biodiversity states, benefits, and pressures 
by 2020 could be due to several factors. One 


B Human appropriation of 


4.39x 10e” 4 net primary productivity - 17 
3 ies pi ee een ah ee hn eons eee soaes . 
B (kW sea days) (Pg C/ year) 
2 
a 1.89 x 10e? — 6 
I T ] 
Cc D Living Planet Index 
25 1.0 
no 
o 
3 (%) (Unitless) 
a 
55 — 0.79 
I ] I ] ] 
E Red List Index for pollinators F Genetic diversity of terrestrial 
asi domesticated animals _ 5 
2 
t= P \ (% of breeds 
@ (Unitless) PO at risk) 
o e 
[vay 8 
0.89 + L241 
I ] 
G Funding provided by the Global H_ Protected area coverage of Alliance 
g 3,950 5 Environment Facility for Zero Extinction sites ee 
| ey cia i 
8  ($Million USD) (%) 
3 
aw 472 4 46 


1950 1985 2020 


1950 1985 2020 


Fig. 1. Examples of model fits and projections for indicator data. Panels show selected pressure (A and 
B), state (C and D), benefit (E and F), and response (G and H) indicator data (black dots). Model fits (black and 
gray lines) and 95% confidence intervals (dark and light shading) indicate, respectively, significant and non- 
significant differences between 2010 (horizontal dashed line) and 2020 (colored square) estimates. (A) and 
(B) have been truncated at 1950 for visualization purposes. For fits to all 55 indicator time series, see fig. S54. 
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possibility is that there are substantial time lags 
before outcomes are detectable. That is, it may 
take years or decades before these increased re- 
sponses translate to positive changes in the state 
of biodiversity or reduced pressures (14). Ecolog- 
ical theory and restoration ecology provide tan- 
gible evidence that supports this assertion (15-17), 
and a notable escalation of responses as implied 
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here may signal improved progress toward tar- 
gets over longer time scales; indeed, state, ben- 
efit, and pressure indicators already implicitly 
reflect prior conservation action. Alternatively, 
responses may be insufficient or inappropriate 
relative to pressures and fail to overcome the 
growing impacts of drivers that lead to biodi- 
versity loss. 


2015 2020 2000 


2005 
Fig. 2. Aggregated trends in pressures, states, benefits, and responses across all indicators and Aichi Targets. Lines represent significant 
(continuous) or nonsignificant (dotted) trends relative to 2010 modeled value (horizontal dotted black line). Indicators with very flat linear trends may be 
superimposed (e.g., two benefit indicators). An increase in states, benefits, and responses, or a decrease in pressures represents progress toward the 
targets. Some indicator trends (e.g., extinction rates) have been inverted to conform to this paradigm. Trends have been truncated before 2000 for 
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It is important to recognize that statistical 
extrapolations make the assumption of under- 
lying processes remaining constant into the fu- 
ture, which may or may not hold, and should be 
viewed with this assumption clearly in mind. 
Our analyses are also inevitably incomplete. A 
global analysis will not reflect finer-scale spatial 
variation and local to regional improvements 
[e.g., (3, 18)], and the taxonomic coverage is lim- 
ited. Locating data that enable quantification 
of progress toward targets at a global scale is 
challenging (19, 20), and some indicators are 
less well aligned with targets, leading to vari- 
able levels of coverage (fig. S53 and tables S3 
and S4) (27). Indicators also have differing spa- 
tial, temporal, and/or taxonomic coverage (table 
$1), and for some individual target components 
(e.g., harmful subsidies for target 3, plant genetic 
resources for target 13), we were unable to locate 
indicators satisfying our criteria (table S3). More- 
over, we could not locate any indicators meeting 
the criteria above to measure progress toward 
targets 15 (ecosystem resilience and contribution 
of biodiversity to carbon stocks) and 18 (integra- 
tion of traditional knowledge and effective par- 
ticipation of indigenous and local communities). 
Investment in the development of novel indica- 
tors for unassessed targets or components re- 
mains an urgent priority, as does the development 
of indicators for “benefits” from ecosystems (7), 
of which we could only locate three. Novel data 
collection, data-sharing platforms, and support 
to developing nations in analytical capacities and 
training may help contribute to these goals, as 
may contemporary approaches to assessing the 
impact of interventions (22). 

Despite these limitations, the rapid develop- 
ment of online databases, indicators, and in- 
dicator partnerships continues to improve our 
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ability to quantify progress toward targets (23). 
The benefits of maintaining biodiversity are 
well known (24). Our results provide a baseline 
against which to measure progress toward this 
objective in 2020 and suggest that efforts need 
to be redoubled to positively affect trajectories 
of change and enable global biodiversity goals 
to be met by the end of the current decade. 
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CELL-FREE ASSAYS 


Spatial organization of cytokinesis 
signaling reconstituted in a 


cell-free system 
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During animal cell division, the cleavage furrow is positioned by microtubules that signal 
to the actin cortex at the cell midplane. We developed a cell-free system to recapitulate 
cytokinesis signaling using cytoplasmic extract from Xenopus eggs. Microtubules grew 
out as asters from artificial centrosomes and met to organize antiparallel overlap 

zones. These zones blocked the interpenetration of neighboring asters and recruited 
cytokinesis midzone proteins, including the chromosomal passenger complex (CPC) and 
centralspindlin. The CPC was transported to overlap zones, which required two motor 
proteins, Kif4A and a Kif20A paralog. Using supported lipid bilayers to mimic the 
plasma membrane, we observed the recruitment of cleavage furrow markers, including 
an active RhoA reporter, at microtubule overlaps. This system opens further approaches 
to understanding the biophysics of cytokinesis signaling. 


ctomyosin-based cleavage furrows in ani- 
mal cells are positioned by signals emanat- 
ing from microtubule assemblies formed 
shortly after anaphase onset (1). In typi- 
cal somatic cells, the signaling complexes 
centralspindlin and the chromosomal passenger 
complex (CPC) accumulate at the center of the 
midzone (or central spindle), which forms in the 
space previously occupied by the mitotic spindle 
(2). It is unclear how the microtubules that posi- 
tion furrows are organized in much larger egg cells 
and how they signal to the cortex. We addressed 
these questions by developing a cell-free system 
to reconstitute the spatial signaling that is char- 
acteristic of cytokinesis in a large egg cell. 

To reconstitute cytokinesis events, undiluted 
egg cytoplasm with intact actin (3), containing flu- 
orescent probes and Aurora kinase A (AurkA)- 
based artificial centrosome beads (4), was treated 
with Ca** to mimic fertilization and immediately 
spread between two coverslips for imaging (fig. 
S1A). As the cell cycle progressed from metaphase 
to interphase (5), large microtubule asters grew 
out rapidly from each AurkA bead. Where the ex- 
panding edges of two neighboring asters met, anti- 
parallel microtubule bundles formed in a boundary 
zone that we term the aster-aster interaction zone 
(AAIZ) (Fig. 1, A to C, fig. S1, and movie S1). In 
somatic cells, the CPC and centralspindlin com- 
plexes are recruited to the midplane in anaphase, 
where they specify the division plane by activat- 
ing the small GTPase RhoA (2). We imaged endog- 
enous complexes by adding labeled antibodies, 
and for the CPC we confirmed localization with a 
green fluorescent protein (GFP)-tagged DasraA 
subunit (5). CPC and the Kif23 subunit of central- 
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spindlin were recruited to the AAIZ in a 5- to 15-um- 
wide line bisecting the line between two AurkA 
beads (Fig. 1, B and C, and fig. S1). The AAIZ was 
wider than a somatic cell midzone and was hun- 
dreds of microns long. To evaluate its physiolog- 
ical relevance, we imaged the same proteins in 
Xenopus zygotes fixed between mitosis and cyto- 
kinesis, which takes place at interphase in early 
embryonic cells (Fig. 1D) (6). The morphology of 
the midplane in zygotes, as defined by micro- 
tubule morphology and CPC/centralspindlin lo- 
calization, was strikingly similar to that of the 
AAIZ in extracts (Fig. 1, A to C). 

To measure microtubule orientation at the AAIZ 
we tracked GFP-tagged end-binding protein 1 (EB1), 
which binds to growing microtubule plus ends 
(Fig. 1E, fig. $2, and movie S82) (7). Microtubules 
grew outward radially within each aster. At the 
AAIZ, EB1 comets from both directions entered 
antiparallel bundles, where they usually disap- 
peared (Fig. 1E). We quantified the degree of in- 
terpenetration by categorizing EB1 comets based 
on their direction (fig. $3) (5). The AAIZ was char- 
acterized by a sharp change in directionality over 
~20 um, indicating a localized block to interpen- 
etration between the asters (Fig. 1F). 

Kinase activity of the Aurora kinase B (AurkB) 
subunit of the CPC is required to establish mid- 
zone morphology and for furrow ingression (8). 
We confirmed this in Xenopus eggs (fig. S4) (5). 
AurkB inhibition blocked recruitment of the 
CPC in our cell-free system (Fig. 1E) and caused 
much deeper interpenetration of microtubules 
(Fig. 1, E and F, and movie S3). Thus, AurkB 
activity was required to create a sharp boundary 
between asters. 

CPC is proposed to be transported to the cen- 
ter of midzones along microtubules by a kinesin 
molecular motor (9), but transport has not been 
observed directly. Five plus-end-directed kinesins 
involved in cell division are candidates for CPC 
transport (10): Kif4A, Kif10 (also called CenpE), 
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Kifll (Eg5), Kif20A (Mklp2/Rabkinesin-6), and 
Kif23 (MkIp1, a subunit of centralspindlin). Xeno- 
pus eggs also contain an unusual kinesin 41% 
identical to Kif20A by sequence (12). This is likely 
to be an embryo-specific paralog, and we pro- 
pose the name KIF20A embryonic, abbreviated 
KIF20AE. Small-molecule inhibition of Kifl0 
and Kifl1, and depletion of somatic Kif20A and 
Kif23, had no effect on antiparallel microtubule 
bundling in the AAIZ or on CPC localization 
(Fig. 2, A and B, and figs. S5 and S6). Depletion 
of Kif4.A did not block CPC accumulation or the 
assembly of antiparallel bundles, but increased 
the width of the CPC-positive zone; adding back 
recombinant Kif4A rescued this phenotype (Fig. 
2A and fig. S6). Depletion of Kif20AE completely 
blocked CPC accumulation and disorganized 
the AAIZ (Fig. 2A). Thus, Kif20AE is absolutely 


Fig. 1. Aster outgrowth 
and interaction in 
Xenopus egg cytoplasm. 
(A) Experimental setup. 
See (5) for methods and 
probes. (B) Widefield 
time-lapse images 
showing recruitment of 
AurkB (red) to an 

AAIZ. (C) AAIZ at 30 min 
(widefield) showing 
recruitment of AurkB 
(CPC subunit, red) and 
Kif23 (centralspindlin 
subunit, cyan). (D) 
Localization of micro- 
tubules (MTs) (green), 
AurkB (red), and Kif23 
(cyan) in Xenopus 
zygotes fixed at consec- 
utive stages of the first 
cell division (stages Z1 to 
Z3) imaged by laser 
scanning confocal 
microscopy (5). (E) 
Quantification of micro- 
tubule orientation using 
EBI tracking. (Left) 
Spinning disc confocal 
images of control (top) 
and AurkB-inhibited E 
(bottom) AAIZs. (Middle) 
Map of EB1-GFP trajec- 

tories over 2 min. (Right) 

x4 zoom-up of square in 
middle panel with maxi- 

mum intensity projection 
(MIP) of EB1 tracks over 

15 s. (F) Spatial 

distribution of EB1 tracks 

at AAIZs classified by 
direction (shading indi- 

cates standard devia- 

tions determined from 

n= 5 zones). (See figs. S2 

and S3 and (5) for data 
analysis.) 
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required for CPC recruitment in eggs, presumably 
mirroring the Kif20A requirement in somatic 
cells (9), and Kif4A plays some role in focusing it. 

Microtubule bundles in the AAIZ localized 
Kif20AE (Fig. 2C), Kif4A (Fig. 2D), and an em- 
bryonic paralog of PRC1 (PRCIE, an antiparallel 
microtubule crosslinker; fig. S1D), all of which 
have been shown to bind the CPC in pull-down 
experiments (9, 12-14). Time-lapse imaging 
showed that CPC clusters moved to the center 
of the overlap zone at a rate of 10 to 25 um/min, 
slowing as they reached the center (Fig. 2, E 
and F, fig. S7, and movie S4). Tubulin speckle 
imaging showed sliding of microtubules away 
from the overlap center at <5 um/min (fig. S8 
and movies S6 to S8). Thus, the observed CPC 
movement represents transport toward plus 
ends. The maximal transport rate was close to 
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that of Kif4A in an isolated aster that was not 
part of an AAIZ (Fig. 2F, green line, and fig. S9) 
(5). Kif4A depletion blocked CPC movement, 
and addback of recombinant Kif4A rescued it 
(Fig. 2, E and F, fig. S10, and movie S5). Live 
imaging showed partial colocalization of CPC 
and Kif4A movement (fig. S11). Thus, the CPC is 
targeted to the AAIZ and transported to a nar- 
row band by the combined action of Kif20AE 
and Kif4A. Transport probably slows as CPC 
engages binding sites in the AAIZ (5). 

To test whether AAIZs in the cell-free system 
can signal to the cortex, we prepared supported 
lipid bilayers on glass coverslips, using lipids 
characteristic of the inner leaflet of animal cell 
plasma membranes, including phosphatidylinosi- 
tol (PI) and phosphatidylinositol 4,5-bisphosphate 
[PI(4,5)P.] (5, 15). Protein recruitment was imaged 
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Fig. 2. Kinesin-dependent recruitment and motility of the CPC. (A) Representative spinning disc confocal images of microtubules and AurkB at 
AAIZs after kinesin immunodepletions, as labeled above. (B) Summary of kinesin perturbations using drug inhibition (inh) or immunodepletion (dep) (5). 


(C and D) Localization of Kif20AE and Kif4A at AAIZs (5). (E) Kymographs of CPC dynamics on individual microtubule bundles in AAIZs. (F) CPC velocity 
as a function of distance from the center of the AAIZ [error bars are standard deviations determined from n = 3 microtubule bundles (5)]. 
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Fig. 3. Spatially localized recruitment of GTP-bound RhoA on 
model plasma membranes. (A) Drawing of experimental setup. See 
(5) for methods and probes. (B and C) Localization of a probe for 
RhoA-GTP (mCherry-rGBD; cyan) (16) and AurkB (red) at lipid bilayers 
proximal to AAIZs. TIRF images from 3 x 3 to 5 x 5 adjacent fields were 
corrected for uneven illumination and stitched (5). (B) Representative 
images of control and AurkB inhibition. (C) Representative images of kinesin immunodepletions, as labeled above. Scale bar, 200 um. 


AurkB inhibition 


MTs 


using total internal reflection fluorescence (TIRF) 
microscopy (Fig. 3A). The small GTPase RhoA is 
thought to be the master organizer of the furrow 
(16). To localize active, GTP-bound RhoA we 
added an mCherry-tagged RhoA binding frag- 
ment of Rhotekin (mCherry-rGBD) (16). Using 
polyethylene glycol (PEG)-passivated coverslips, 
we saw no recruitment of RhoA-GTP. Using lipid 
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bilayers, the RhoA-GTP reporter was enriched at 
the bilayer under AAIZs that recruited CPC and 
centralspindlin (Fig. 3B and fig. S12). Inhibition of 
AurkB or depletion of Kif20AE completely blocked 
AAIZ assembly and CPC localization as expected 
(8, 9) and also blocked localized RhoA-GTP enrich- 
ment (Fig. 3, B and C). Kif4A depletion resulted 
in the broadening of both CPC and RhoA-GTP 


zones (Fig. 3C). Depletion of Kif23, a subunit of 
the centralspindlin complex, did not block AAIZ 
assembly or RhoA-GTP recruitment (Fig. 3C). 
Centralspindlin plays a central role in midzone 
assembly and signaling in many biological sys- 
tems (2). Its dispensability in our system probably 
reflects functional redundancy among midzone 
factors and is consistent with its dispensability 


sciencemag.org SCIENCE 


RESEARCH | REPORTS 


D 


AurkB F-actin 


3 
Oo! 
> 
= 
fa) 
c 
3) 
£ 
=> 


100 150 
“Distance (um) 


aster center 
Ps Ve oe 


AurkB 


Cytoplasmic XY slice 


AAIZ with AurkB nocodazole 


Anillin 


Fig. 4. Recruitment and organization of cortical cleavage furrow proteins. Experimental setup 
was as per Fig. 3A. (A) F-actin (TIRF image). Note the enrichment proximal to the CPC at AAIZs. (B) 
Intensity line scans across the AAIZ [boxed in (A)] show enrichment of AurkB and F-actin; a.u., arbitrary 
units. (©) XZ slices of three-dimensional reconstructions using spinning disc confocal microscopy, 
showing the organization of the microtubules, F-actin, and Anillin (left). XY slices of microtubules and 
F-actin at the plane marked by an arrow (right). (D) TIRF images of microtubules and F-actin at aster 
center (left) and an AAIZ (middle). The right shows a nocodazole-treated sample. (E) Anillin and septin 


ona bilayer (TIRF image) colocalize with the CPC at the AAIZ. 


in Xenopus blastomere cytokinesis (77). We con- 
clude that a CPC-positive AAIZ can locally acti- 
vate RhoA in our system, although we cannot 
distinguish whether localized AurkB phospho- 
rylation of cytokinetic factors or some specific 
organization of microtubules at the AAIZ is re- 
quired for furrow signaling. 

To probe cortical organization in our system, 
we visualized F-actin using Lifeact-GFP (Fig. 4) 
(18). F-actin was enriched at the lipid bilayer 
under AAIZs (Fig. 4, A and B). Above the cor- 
tical layer, F-actin organized into branched net- 
works that showed only partial alignment with 
the microtubules (Fig. 4C). At the cortical layer, 
F-actin organized into long, uniformly spaced 
cables that aligned radially with microtubules 
(Fig. 4D, left and middle, and movie S9). The 
spacing between actin cables was 1.3 + 0.5 um 
(SD; n = 140), comparable to the spacing of actin- 
containing contractile bands on the cortex of live 
frog eggs (19). This organization was microtubule- 
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dependent (Fig. 4D, right); we suspect it rep- 
resents a configuration of actin bundles that 
normally precedes furrow ingression, because 
it has been noted in early anaphase in several 
systems (5). The furrow-selective actin bundling 
protein Anillin (20) colocalized with F-actin ca- 
bles throughout the cortex and was enriched un- 
der AAIZs along with its binding partner septin 
complex (Fig. 4, C and E, and movie S10). 
Summarizing, we have developed a cell-free 
system that recapitulates the hallmarks of spatially 
organized signaling characteristic of egg cyto- 
kinesis. Midzone proteins were recruited to the 
overlap zone between microtubule asters in egg ex- 
tract, where they signaled to a nearby lipid bilayer 
to locally activate the RhoA pathway. Our system 
confirmed known mechanisms of spatially or- 
ganized signaling (for example the AurkB activity 
requirement for cleavage furrow induction) and 
revealed new mechanistic aspects that were dif- 
ficult to observe in living cells, notably trans- 


port of the CPC along microtubules toward the 
midzone in a process requiring two kinesins. 
Our data favor a model in which Kif4A is a 
transport motor for the CPC, and Kif20AE is 
required for it to bind microtubules, though not 
necessarily as a transporter. Future pure protein 
reconstitution experiments are required to con- 
clusively determine the mechanism of CPC trans- 
port and the exact roles of these two kinesins. 

Two factors facilitated imaging approaches 
in the cell-free system: the large spatial scale of the 
AAIZ (~20 um) and its long time duration (>20 min). 
Both reflect the pre-cytokinesis organization of 
the large egg cell. In comparison, the microtu- 
bule overlap in somatic cell midzones is ~2 to 3 um 
wide and lasts only ~3 min before being com- 
pressed by the furrow (27). Future studies will take 
advantage of these features and the experimental 
flexibility of an extract system to probe biophys- 
ical mechanisms involved in cytokinesis. 


REFERENCES AND NOTES 


1. R. Rappaport, Cytokinesis in Animal Cells (Cambridge Univ. 
Press, Cambridge, 1996). 

2. M. Glotzer, Science 307, 1735-1739 (2005). 

3. C. M. Field, P. A. Nguyen, K. Ishihara, A. C. Groen, 

. J. Mitchison, Methods Enzymol. 540, 399-415 (2014). 

4. M.-Y. Tsai, Y. Zheng, Curr. Biol. 15, 2156-2163 (2005). 

5. Supplementary materials are available on Science Online. 

6. M. Wihr, E. S. Tan, S. K. Parker, H. W. Detrich 3rd, 

. J. Mitchison, Curr. Biol. 20, 2040-2045 (2010). 

7. S. Petry, A. C. Groen, K. Ishihara, T. J. Mitchison, R. D. Vale, 

Cell 152, 768-777 (2013). 

8. H. Argiros, L. Henson, C. Holguin, V. Foe, C. B. Shuster, 

Cytoskelet. Hoboken NJ 69, 840-853 (2012). 

9. U. Gruneberg, R. Neef, R. Honda, E. A. Nigg, F. A. Barr, 
J. Cell Biol. 166, 167-172 (2004). 

0. R.A. Cross, A. McAinsh, Nat. Rev. Mol. Cell Biol. 15, 257-271 (2014). 

1. M. Wahr et al., Curr. Biol. 24, 1467-1475 (2014). 

2. N. Ozlii et al., Mol. Cell. Proteomics 9, 336-350 (2010). 

3. 

4. 


. P. Bieling, |. A. Telley, T. Surrey, Cell 142, 420-432 (2010). 
. T. J. Mitchison, P. Nguyen, M. Coughlin, A. C. Groen, Mol. Biol. 
Cell 24, 1559-1573 (2013). 
5. M. Loose, E. Fischer-Friedrich, J. Ries, K. Kruse, P. Schwille, 
Science 320, 789-792 (2008). 
6. W. M. Bement, H. A. Benink, G. von Dassow, J. Cell Biol. 170, 
91-101 (2005). 
. A.L. Miller, W. M. Bement, Nat. Cell Biol. 11, 71-77 (2009). 
8. J. Riedl et al., Nat. Methods 5, 605-607 (2008). 
9. M. V. Danilchik, E. E. Brown, K. Riegert, Development 133, 
4517-4526 (2006). 
20. A. F. Straight, C. M. Field, T. J. Mitchison, Mol. Biol. Cell 16, 
93-201 (2005). 
21. D. N. Mastronarde, K. L. McDonald, R. Ding, J. R. McIntosh, 
J. Cell Biol. 123, 1475-1489 (1993). 


N 


ACKNOWLEDGMENTS 


We thank R. Ohi, D. Burgess, D. Miyamoto, and E. Tan for reagents; 
H. Basu for preliminary work; the Nikon Imaging Center at 
Harvard Medical School and Nikon at the Woods Hole Marine 
Biological Laboratory (MBL) for microscopy support; and the 
National Xenopus Resource at MBL for Xenopus animals and care. 
This work was supported by NIH grant GM39565 (T.J.M.); MBL 
fellowships from the Evans Foundation, MBL Associates, and the 
Colwin Fund (T.J.M. and C.M.F.); HFSP fellowship LT000466/2012-L 
(M.L.); and NIH grant GM103785 (M.W.). 


SUPPLEMENTARY MATERIALS 


www.sciencemag.org/content/346/6206/244/suppl/DC1 
Materials and Methods 

Supplementary Text 

Figs. S1 to S13 

Tables S1 to S2 

References (22-29) 

Movies S1 to S10 


30 May 2014; accepted 12 September 2014 
10.1126/science.1256773 


10 OCTOBER 2014 * VOL 346 ISSUE 6206 247 


RESEARCH | REPORTS 


YEAST MEIOSIS 


Sister kinetochores are mechanically 
fused during meiosis I in yeast 
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Production of healthy gametes requires a reductional meiosis | division in which replicated 
sister chromatids comigrate, rather than separate as in mitosis or meiosis II. Fusion of 
sister kinetochores during meiosis | may underlie sister chromatid comigration in diverse 
organisms, but direct evidence for such fusion has been lacking. We used laser trapping 
and quantitative fluorescence microscopy to study native kinetochore particles isolated 
from yeast. Meiosis | kinetochores formed stronger attachments and carried more 
microtubule-binding elements than kinetochores isolated from cells in mitosis or meiosis 
Il. The meiosis |—specific monopolin complex was both necessary and sufficient to drive 
these modifications. Thus, kinetochore fusion directs sister chromatid comigration, a 
conserved feature of meiosis that is fundamental to Mendelian inheritance. 


he hallmark of meiosis is a twofold reduc- 
tion in ploidy, which occurs because one 
round of DNA replication is followed by 
two rounds of chromosome segregation. 
Sister chromatids distinctly comigrate dur- 
ing meiosis I, thereby enabling segregation of ho- 
mologous chromosomes. During meiosis II, which 
resembles mitosis, the sister chromatids separate 
(fig. S1, A and B). It has been suggested that the 
comigration of sister chromatids during meiosis I 
depends on fusion of sister kinetochores in a range 
of organisms (1-4) (fig. SIC). Because fused sister 
kinetochore pairs would contain more microtubule- 
binding elements than individual kinetochores, 
we reasoned that they might form stronger at- 
tachments to microtubules. Alternatively, if one 
kinetochore within each sister pair was selectively 
inactivated during meiosis I (5, 6), then the re- 
maining active kinetochores would probably form 
attachments with similar strength relative to in- 
dividual mitotic and meiosis II kinetochores. 

To distinguish between the “fusion” and “one- 
sister shut-off’ mechanisms, we purified native 
kinetochore particles from yeast cells arrested 
in metaphase of meiosis I (via meiosis-specific 
depletion of Cdc20) (7), using methods devel- 
oped for the isolation of mitotic particles (8, 9). 
The purified material contained essentially all 
known kinetochore components (table S1), and 
its bulk composition was very similar to material 
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isolated from mitosis (Fig. 1A; fig. S2, A and B; 
and table S1). We used fluorescence- and laser 
trap-based assays to determine whether the 
meiosis I kinetochore particles remained func- 
tional in vitro. As shown previously for mitotic 
particles (8), fluorescently labeled particles isolated 
from meiosis I cultures bound specifically to mi- 
crotubules and tracked processively with disas- 
sembling microtubule tips (Fig. 1B and movie S1). 
Furthermore, meiosis I kinetochore particles 
formed load-bearing attachments to microtubule 
tips, supporting forces up to 15 pN and persisting 
through “catastrophe” and “rescue” events, in 
which the filament switched from assembly to 
disassembly and vice versa (Fig. 1C). Thus, na- 
tive kinetochore particles isolated from meiotic 
cultures are functional. The meiotic particles 
formed very-long-lived tip attachments with a 
mean lifetime of 52 + 23 min at 7 pN of tension, 
double the lifetime measured previously for mi- 
totic particles (26 + 6 min) at a similar level of 
tension (7.2 pN) (8). 

The long lifetimes of attachments formed by 
meiosis I kinetochore particles suggested that 
they may be stronger than particles from mitotic 
cells. To assess their strength directly, we attached 
the meiosis I kinetochore particles to growing 
microtubule tips and tested them using a force 
ramp, where force was increased at a constant 
rate until the attachments ruptured (Fig. 1D). 
Control kinetochore particles isolated from 
metaphase-arrested mitotic cells ruptured at an 
average force of 9.4 + 0.4 pN (Fig. 2B), which is 
indistinguishable from the strength of particles 
harvested during vegetative (asynchronous mitotic) 
growth (8). Rupture strengths were unaffected 
by differences in ploidy and were relatively in- 
sensitive to the method of mitotic cell cycle arrest 
(fig. S3). Meiosis I particles, however, formed sig- 
nificantly stronger attachments, rupturing at 
forces ranging from 6.5 to 22 pN (i.e., up to the 
load limit of our laser trap), with an average of 
13.1+ 0.3 pN (Fig. 2, A and B, and table S2). Mean 
rupture forces for both meiosis I and mitotic 


particles remained invariant as the density of 
particles on the beads was reduced below the 
single-particle limit (fig. S4), indicating that 
higher strength is an intrinsic property of indi- 
vidual meiosis I kinetochore particles. 

To determine whether the higher kinetochore 
attachment strength is specific to meiosis I or 
persists into meiosis II, we prepared synchron- 
ized meiotic cultures by releasing cells from a 
prophase I block (JO, 11). Particles harvested from 
synchronized metaphase I cells formed attach- 
ments that ruptured at 13.1 + 0.6 pN, on average 
(Fig. 2, A and B, meiosis I*). However, particles 
from synchronized metaphase II cells ruptured 
at 9.3 + 0.7 pN, on average (Fig. 2, A and B, 
meiosis II*). Thus, the higher intrinsic strength 
of kinetochore particles occurs specifically dur- 
ing meiosis I and returns to mitotic-like levels as 
cells progress into meiosis II. 

If the particles isolated from meiosis I cells are 
fused sister kinetochore pairs, they should con- 
tain more microtubule binding elements than mi- 
totic particles. We purified fluorescent particles 
doubly tagged with SNAP-549 on Nuf2 (a subunit 
of the microtubule-binding Ndc80 complex) and 
CLIP-647 on Mif2 (an inner kinetochore compo- 
nent orthologous to CENP-C). Spore viability was 
unaffected, and rupture strengths for the fluores- 
cent particles were indistinguishable from un- 
tagged particles (fig. S5 and table S2), indicating 
no loss of functionality. The purified kinetochore 
material contained a mixture of dual-color particles 
carrying both Nuf2 and Mif2, plus subcomplexes 
lacking Nuf2 or Mif2 (Fig. 2C). Subcomplexes with 
just one detectable Nuf2 [identifiable by their 
single-step photobleaching behavior (fig. S6)] 
served as internal controls, allowing normal- 
ization of particle brightnesses into estimates 
for the approximate numbers of Nuf2 molecules 
associated with each particle. Dual-color particles 
from meiosis I cells carried more Nuf2 molecules, 
on average [6.5 + 2.8 (mean + SD from N = 4 
preparations)], than those from vegetatively 
growing cells, which had 3.8 + 1.3 (NV = 4) (Fig. 
2, D and E). The apparent Nuf2 content was 
variable and lower than in vivo estimates [which 
suggest 8 to 20 copies per mitotic kinetochore 
(12, 13)]. However, consistent with the fusion 
model, Nuf2 content was significantly higher for 
dual-color meiosis I particles than for vegetative 
particles prepared in tandem, by a factor of 1.66 + 
0.26 (mean + SD, N = 4 tandem pairs; P = 0.014 
by ¢ test). 

If fusion of sister kinetochore pairs underlies 
the increased strength of meiosis I kinetochore 
particles, the increase should vanish if the par- 
ticles are harvested from cells in which every 
kinetochore lacks a sister. We engineered cells to 
undergo meiosis without replicating their DNA 
[via meiosis-specific depletion of Cdc6 (74), part 
of the prereplicative complex (15)]. Because the 
lack of sister chromatids precludes homology- 
based DNA repair (/6), we also deleted the Spoll 
endonuclease, thereby avoiding high levels of 
DNA damage that might interfere with meiotic 
progression. Spoll catalyzes formation of the 
chiasmata that link homologous chromosomes 
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(17), so its deletion (spo1IA) enabled us to test 
whether tension across homologs is required for 
sister kinetochore fusion (18). Kinetochore par- 


Fig. 1. Native kinetochore particles from meiotic cells recapitulate tip- 
coupling in vitro. (A) Core kinetochore proteins copurified from cells under- 
going vegetative (mitotic) growth and cells arrested in metaphase | of meiosis, 
visualized by silver-stained SDS—polyacrylamide gel electrophoresis (9). Mif2 
(Tt) comigrates with nonspecific background proteins (8). kDa, kilodaltons. (B) 
Kymograph showing movement of fluorescent meiosis | kinetochore particles 
(green) driven by a disassembling microtubule (red) (See movie S1). Filled arrow- 
heads mark tip-particle encounters; the open arrowhead denotes particle release. 
Insets shows images at indicated times. (C) Position versus time for tip-attached 
meiosis | particles tested with a force clamp at indicated loads. Arrows mark 
catastrophes and rescue. Intervals when the laser trap was briefly shuttered (to 
clear debris) appear as gaps in the 1- and 7-pN traces. The inset shows a sche- 
matic of the assay (9). KT, kinetochore. (D) Tensile force versus time for indicated 
particles bound to assembling tips and tested with a 0.25-pN s7 force ramp. 
Gray dots show raw data; colored traces show the same data after smoothing 
(500-ms sliding boxcar average). Dashed vertical lines mark the start of the 
force ramp. Arrows denote rupture. 
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ticles from spo/JIA cells were identical in strength 
to those from wild-type cells, indicating that 
linkage between homologs (and, thus, spindle- 


D 


Fig. 2. Meiosis | kinetochore particles are stronger and brighter. (A and B) 
Distributions of rupture force (A) and mean rupture force values (B) for indicated 
kinetochore particles (color-matched). Asterisks indicate particles from cells un- 
dergoing meiosis synchronized by release from a prophase | block. Error bars 
represent SEM (N = 15 to 107 ruptures). (C) Fluorescence images of particles 
carrying Nuf2-SNAP-549 (green) and Mif2-CLIP-647 (red) bound to coverslips. 
Colors are offset slightly; green-red pairs represent colocalized, dual-color 
particles. (D) Distributions of Nuf2 brightness for dual-color particles (N > 


4900 particles) relative to the brightness of a single Nuf2. (E) Mean Nuf2 brightnesses 
for dual-color particles from four pairs of kinetochore preparations. Points are means 


generated tension across them) was dispensable 
for the high attachment strength of meiosis I 
kinetochores (Fig. 2, A and B, no chiasmata). 
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from individual preparations. Gray lines connect means from particles prepared in tandem (9); green horizontal lines are means across all preparations. 
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However, high strength was lost when meiosis I 
particles were harvested from cdc6-meiotic-null 
cells (Fig. 2, A and B, no sisters or no chiasmata 
& no sisters). Thus, sister kinetochores are re- 
quired for the increased strength of meiosis I 
kinetochore particles, as predicted by the fusion 
model. 

The meiosis I-specific monopolin complex con- 
sists of four proteins (Mami, Csm1, Lrs4, and 
Hrr25) (5, 19-21) with twin kinetochore-binding 
sites that have been proposed to directly cross- 
link sister kinetochores in budding yeast (J, 5, 20, 22). 
However, because the receptor for monopolin, 
Dsni (J, 23), is present in multiple copies in the 
kinetochore (12), another possibility is that the 
twin monopolin sites bind to the same kineto- 
chore and inactivate it, thereby shutting off one 
of the two sister kinetochores (fig. SIC) (5, 6). 


Monopolin was detectable at low levels in ki- 
netochore material from meiosis I cultures (fig. 
$2C). To test the impact of monopolin on the be- 
havior of kinetochore particles, we genetically 
disrupted its function in three ways (mam1A, 
csm1I-L161D, and dsnI-AN), all of which disrupt 
sister comigration during meiosis I (J, 21, 23). 
In all cases, we found that the high 13-pN strength 
of meiosis I kinetochore particles was lost and their 
strength returned to mitosis-like levels (~9 pN) 
(Fig. 3), confirming that monopolin is required 
for high attachment strength. We also engineered 
cells to ectopically express monopolin during mi- 
tosis by inducing expression of MAMI together 
with CDC5 (encoding Polo kinase), which caused 
erroneous co-orientation in 28% of cells (5). Ki- 
netochore particles isolated from these cells gave 
a bimodal rupture force distribution (Fig. 3A) 


with an intermediate average strength of 11.2 + 
0.4 pN (Fig. 3B). This observation may be explained 
by the incomplete penetrance of monopolin in- 
duction in these cells (5). 

To test whether kinetochores can be fused by 
monopolin in the absence of other cellular fac- 
tors, we recombinantly expressed and purified 
the four-protein monopolin complex [containing 
akinase-dead Lys**—Arg”* mutant of Hrr25 (fig. 
$2D)] (22) and incubated it with isolated kine- 
tochore particles. Incubation with recombinant 
monopolin was sufficient to strengthen mitotic 
particles and also particles from meiosis I cells in 
which monopolin was disrupted (mamlIA or csml- 
LIG6I1D), raising their mean rupture forces from ~9 
to ~13 pN (Fig. 4, A and B) in a dose-dependent 
manner (Fig. 4C). However, the same treatment 
did not affect the strength of particles from cells 
lacking the monopolin binding site on Dsn1 


Fig. 3. Monopolin is B + ectopic monopolin (dsnI-AN) (Fig. 4, A and B). Likewise, monopolin 
necessary for the high 15 in vivo addition did not strengthen particles (mamlIA) pre- 
strength of meiosis | > ball = 4 + | linked to laser trapping beads (Fig. 4C), presumably 
kinetochore particles 5 084 9 124 7 because immobilization on beads prevented cross- 
and is sufficient in vivo. 8 o6- S 94 5 ho i linking of the particles. When fluorescent particles 
(A and B) Distributions of a $ y from vegetatively growing cells were incubated 
rupture force (A) and § 0.4-| a with increasing amounts of monopolin, their av- 
mean rupture force ES 0.24 2 34 erage brightness grew monotonically, and the ap- 
values (B) for indicated — 0.0 g 0 proximate number of Nuf2 molecules associated 
kinetochore particles ; at go” SF  & with each particle increased twofold, from 4.8 + 
(color-matched). Data for § 204 eis e oe * s oF oe? & 04 to 10.9 + 1.5 (mean + SD, N = 2 experiments) 
particles from meiosis | E 10- /S\S il se FORK Ys (Fig. 4D). Thus, monopolin alone is sufficient for 
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and mitosis (black) are Force (pN) . ture of meiosis I that governs Mendelian in- 
replotted from Fig. 2, A heritance, and its failure is a major cause of birth 
and B, for comparison. Error bars represent SEM (N = 21 to 118 ruptures). defects and infertility (24). Here we have shown 
Fig. 4. Pure recombinant monopolin is sufficient to increase the strength A Pere ee B 
and brightness of kinetochore particles in vitro. (A and B) Distributions of monopolin 
. . invitro: - + - + - + - + - 
rupture force (A) and mean rupture force values (B) for kinetochore particles (color- =15 
matched) after incubation with recombinant monopolin [at molar ratio 1.8 versus = > 10> 4 + 
Dsn1-His-Flag; “+” in (B)]. Data for particles without monopolin incubation [“-” in Fa 0.8- g Ne 
(B)] are replotted from Fig. 3, A and B, for comparison. Error bars represent SEM 8 06- 2 4 == == [ + 
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that a meiosis I-specific factor from budding 
yeast, monopolin, generates kinetochores with 
more microtubule-binding elements and greater 
strength. These findings provide direct evidence 
that sister kinetochore fusion underlies the cose- 
gregation of sister chromatids during meiosis I. 
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LUNG CANCER EVOLUTION 


Spatial and temporal diversity in 
genomic instability processes defines 
lung cancer evolution 


Elza C. de Bruin,’* Nicholas McGranahan,”** Richard Mitter,?* Max Salm,?* 

David C. Wedge,** Lucy Yates,*>+ Mariam Jamal-Hanjani,'+ Seema Shafi,’ 
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Spatial and temporal dissection of the genomic changes occurring during the evolution of 
human non-small cell lung cancer (NSCLC) may help elucidate the basis for its dismal 
prognosis. We sequenced 25 spatially distinct regions from seven operable NSCLCs 

and found evidence of branched evolution, with driver mutations arising before and after 
subclonal diversification. There was pronounced intratumor heterogeneity in copy number 
alterations, translocations, and mutations associated with APOBEC cytidine deaminase 
activity. Despite maintained carcinogen exposure, tumors from smokers showed a 
relative decrease in smoking-related mutations over time, accompanied by an increase 

in APOBEC-associated mutations. In tumors from former smokers, genome-doubling 
occurred within a smoking-signature context before subclonal diversification, which 
suggested that a long period of tumor latency had preceded clinical detection. The regionally 
separated driver mutations, coupled with the relentless and heterogeneous nature of the 
genome instability processes, are likely to confound treatment success in NSCLC. 


ung cancer is the leading cause of cancer- 
related mortality (J, 2). Understanding the 
pathogenesis and evolution of lung cancer 
may lead to greater insight into tumor ini- 
tiation and maintenance and may guide 
therapeutic interventions. Previous work char- 
acterizing the genome of non-small cell lung 
cancer (NSCLC) has demonstrated that NSCLC 
genomes exhibit hundreds of nonsilent muta- 
tions together with copy number aberrations and 
genome doublings (3-9). Although subclonal pop- 
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ulations have been identified within single bi- 
opsies (9), the extent of genomic diversity within 
primary NSCLCs remains unclear. Moreover, al- 
though both exogenous mutational processes, 
such as smoking (10-12), and endogenous pro- 
cesses, such as up-regulation of APOBEC cyti- 
dine deaminases (13-15), have been found to 
contribute to the large mutational burden in 
NSCLC, the temporal dynamics of these processes 
and their contribution to driver somatic aberra- 
tions over time remain unknown. 

To investigate lung cancer evolution, we per- 
formed multiregion whole-exome and/or whole- 
genome sequencing (M-seq WES/WGS) on a total 
of 25 tumor regions, collected from seven NSCLC 
patients who underwent surgical resection before 
receiving adjuvant therapy. The major NSCLC 
histological subtypes, including adenocarcinoma 
(LUAD) and squamous cell carcinoma (LUSC), 
were represented (table $1). Sequencing of tumor 
and normal DNA to mean coverage depths of 
107x and 54x for M-seq WES and M-seq WGS, 
respectively (table $2), identified 1884 nonsilent 
and 76,129 silent mutations (J6). 

To evaluate the intratumor heterogeneity of 
nonsilent mutations, we classified each mutation 
as ubiquitous (present in all tumor regions) or 
heterogeneous (present in at least one, but not 
all, regions). Spatial intratumor heterogeneity 
was identified in all seven NSCLCs, with a me- 
dian of 30% heterogeneous mutations (range 4 
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to 63%) (Fig. 1A and fig. $1). In the adenosqua- 
mous tumor from patient L002, heterogeneous 
mutations separated concordant with LUAD 
(regions R1 and R2) or LUSC (regions R3 and 
R4) histopathologies (fig. S2). Patients L003 
and L008 each presented with two tumors in 
separate lobes of the lung. M-seq WES revealed 
74% ubiquitous mutations in the tumors from 
L008, which indicated a clonal origin. However, 
in L003, only a single mutation (EGFR“°5*, the 
epidermal growth factor receptor in which Leu®® 
is replaced with Arg) was detected in both tu- 
mors (Fig. 1A). Given that EGFR" is a highly 
recurrent mutation (77) and also that no silent 
mutations were shared, we concluded that the 
tumors in L003 were of independent clonal origin, 
with the evolution of identical oncogenic events 
in parallel. 


never smoker 


former smokers 


To resolve the extent of genomic diversity in 
NSCLC and to infer the ancestral relations be- 
tween tumor regions, we estimated the fraction 
of tumor cells within each region harboring each 
mutation (6, 18). Almost all ubiquitous mutations 
(>99%) were classified as fully clonal within each 
region. Moreover, in most regions, the majority 
of heterogeneous mutations was clonal and, thus, 
present in all cells within the region (Fig. 1B and 
fig. S3). However, certain regions displayed con- 
siderable subclonal diversity. For example, >'75% 
of heterogeneous mutations present in LOO4 
R5 were subclonal (Fig. 1B), and this region 
consisted of two distinct subclonal populations. 
The subclonal structure of each tumor region 
was then used to construct phylogenetic trees, 
by using both maximum parsimony and un- 
weighted pair-group methods. We also took into 


current smoker 


account regional copy number losses that re- 
sulted in shared truncal mutations becoming 
heterogeneous later in tumor evolution (6), such 
as a segment of chromosome 6 in LSO1 (fig. S4) 
and the PAX7 mutation in the lymph node of 
L001 (Fig. 1A). Notably, all seven NSCLCs showed 
evidence of branched tumor evolution (fig. S5). 
We next evaluated the regional heterogeneity 
of potential NSCLC driver mutations, classified 
into three categories on the basis of current evi- 
dence supporting driver mutation status (6). 
Every tumor showed evidence for ubiquitous, as 
well as heterogeneous, driver mutations, many 
of which were clonally dominant in a subset of 
tumor regions and entirely absent in others 
(Fig. 1B, fig. S3, and table S3). Note that the prob- 
ability of missing a category 1 “high-confidence” 
driver gene by analyzing a single region for each 
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Fig. 1. Intratumor heterogeneity of somatic mutations in human NSCLC. 
(A) Heat maps show the regional distribution of all nonsilent mutations; 
presence (blue) or absence (gray) of each mutation is indicated for every 
tumor region. Cartoons depict the location of each tumor. Column next to 
heat map shows the intratumor heterogeneity; mutation present in all regions 
(blue), in more than one but not all (yellow), or in one region (red). Mutations 
are ordered on tumor driver category with categories 1 to 3 indicated in the 
right column in black, dark gray, and light gray, respectively (details in table 
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$3). Total number of nonsilent mutations is provided below each tumor with 
percentage of heterogeneous mutations in brackets. In LOO1, the mutation 
marked by an asterisk (*) is additional to the germline MEN1 mutation. LN, 
lymph node; R, region. (B) Two-dimensional Dirichlet plots show the cancer cell 
fraction (CCF) of the mutations in all regions of tumors LOO4; increasing 
intensity of red indicates the location of a high posterior probability of a cluster. 
In region R5, the majority of heterogeneous mutations are subclonal, and a 
cluster of mutations with a CCF below 1 can be observed. 


sciencemag.org SCIENCE 


RESEARCH | REPORTS 


tumor was on average 42% (range 0 to 67%) and 
83% (range 67 to 100%) for all potential driver 
genes (categories 1 to 3), which highlights the 
potential limitations of assessing single tumor 
regions. Nevertheless, category 1 and 2 driver 
mutations were significantly more often truncal 
compared with mutations in nondriver genes in 
our M-seq analysis (P = 0.04). Consistent with these 
data, in The Cancer Genome Atlas (TCGA) cohort, 
previously reported driver genes (5, 19, 20) were 
significantly enriched for clonal mutations (P < 
0.001) (fig. S6). These data indicate that, in NSCLC, 
most known driver mutations occur early in tu- 
mor evolution. 

To determine the intratumor heterogeneity 
of copy number aberrations, we estimated in- 
teger DNA copy numbers for each tumor region 
(7, 16, 21, 22). A large fraction of the genome had 
undergone alterations in all tumors, and ge- 
nomic profiles were more similar within tumors 
than between different tumors (fig. $7). To eval- 
uate the spatial heterogeneity of potential tumor 
driver copy number aberrations, we explored the 
regional distribution of chromosomal segments 
identified as recurrently gained or lost in TCGA 
LUAD or LUSC tumors. Most segments were 
identified as aberrant in at least one tumor re- 
gion, and many recurrent gains and losses were 
found to be heterogeneous in at least one tumor 
(Fig. 2A). For example, in L001, a focal EGFR am- 
plification (chr7p11.2), as well as deletions of chro- 
mosomal segments harboring CDKN2A (chr9p21.3) 


and PTEN (chr10q23.31), was observed in all re- 
gions, whereas, in LOO8, we observed heteroge- 
neous copy number losses involving COKN2A 
and PTEN. In support of copy number aberra- 
tions occurring later in tumor development, we 
also identified subclonal copy number aberra- 
tions within tumor regions. For instance, more 
than 15% of the genome in region R1 of LOO8 was 
subject to subclonal copy number alterations (fig. 
$8). Consistent with evidence of subclonal copy 
number aberrations, centromeric fluorescence in 
situ hybridization analyses confirmed numerical 
chromosomal diversity within individual tumor 
regions (fig. S9), which suggested that chromo- 
somal instability may provide a substrate for 
subclonal competition. 

The high-coverage M-seq WGS (mean 96x) 
for L002 and L008 enabled us to investigate the 
regional separation of large-scale genomic events 
in these samples. For the adenosquamous tumor 
L002, we identified 30 structural variants, most 
of which were found either in the LUAD region 
RI or the LUSC region R3, but not both (table $4), 
which suggested that they occurred after sub- 
clonal diversification (Fig. 2B). By contrast, for 
L008, 48 of the 52 identified structural variants 
were shared between the two tumor regions 
from different lobes of the lung, which suggested 
that the majority of these variants occurred be- 
fore tumor metastasis to the other lobe (Fig. 2B). 
Notably, in L008, “chains” of translocations with 
highly clustered breakpoints were found between 


chromosomes 14 and 17, as well as chromo- 
somes 17 and 19 (fig. S10 and table S4), which 
disrupted the FANCM and NF! tumor suppres- 
sor genes. Breakpoint homology profiling sug- 
gests involvement of either nonhomologous 
or alternative end-joining (23, 24), indicative of 
double-strand break events. This lesion pattern 
is consistent with chromoanagenesis (25) and 
indicates a punctuated evolution pattern where 
multiple oncogenic events may have occurred 
simultaneously (26). 

Four tumors displayed evidence for whole- 
genome-doubling events (16). In three tumors 
(L001, L004, and LOO8), the genome-doubling 
event was shared across every tumor region; it 
occurred before diversification, with the majority 
of truncal mutations (84 to 88%) present at ploidy 
>2, indicative of a large mutational burden be- 
fore genome doubling. In one tumor, L002, the 
majority of heterogeneous mutations were also 
present at ploidy =2, indicative of two indepen- 
dent genome-doubling events: one in the LUAD 
region and one in the LUSC region (fig. S11). 
Notably, every truncal driver mutation likely 
occurred before genome doubling. 

To further explore the dynamics of the muta- 
tional processes shaping lung cancer genomes 
over time, the spectra of point mutations in each 
tumor were temporally dissected. Early (truncal) 
mutations likely reflect processes involved be- 
fore and during tumor initiation and early de- 
velopment, whereas late (branched) mutations 
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Fig. 2. Intratumor heterogeneity of chromosomal alterations in human 
NSCLC. (A) Distribution of potential tumor driver copy number alterations is 
indicated for each tumor region. The upper heat maps show the regional dis- 
tribution of recurrently amplified (left) or deleted (right) chromosomal seg- 
ments based on TCGA LUAD data, and the lower heat maps show the regional 
distribution of recurrently amplified or deleted chromosomal segments based 
on TCGA LUSC data. For each region, gain (red) or loss (blue) was determined 
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relative to the mean ploidy. (B) Circos plots depicting inter- and intrachromo- 
somal translocations, as well as deletions and insertions for regions Rl and R3 
for LOO2 (upper) and LOO8 (lower); shared events are indicated in blue, events 
private to region R1 are indicated in red, and private to region R3 in green. The 
outer circle represents the integer copy number data for R1 and the inner circle 
for R3 for each tumor sample; copy number segments with an integer value 
greater than mean ploidy are in red and those less than mean ploidy in blue. 
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reveal mutational processes shaping the genome 
during tumor maintenance and progression, in- 
cluding those contributing to intratumor hetero- 
geneity. For L002, we analyzed regions R1 and R3 
separately to allow comparisons of LUAD and 
LUSC histologies within the same tumor. 

In all tumors, we observed statistically signifi- 
cant shifts in the mutation spectra over time (P < 
0.05 all cases) (Fig. 3A). Furthermore, every tu- 
mor exhibited a statistically significant decrease 
in the proportion of C>A transversions in late 
compared with early mutations (P < 0.05) (Fig. 
3A), although this was more pronounced in the 
LUAD cases [mean odds ratio: LUAD 3.13 (range 


2.07 to 5.55) and LUSC 1.34 (range 1.21 to 1.46)]. 
Because C>A transversions are associated with 
the mutagenic effects of tobacco smoke (12), a 
decrease in the proportion of C>A transversions 
indicates a relative decrease in the mutational 
burden attributable to smoking during LUAD 
development, in both former smokers and cur- 
rent smokers. 

To validate these observations in a larger NSCLC 
cohort, mutations in TCGA LUAD and LUSC sam- 
ples were temporally dissected (16). Consistent 
with our M-seq analyses, both TCGA LUAD and 
LUSC smokers and former smokers exhibited a de- 
crease in the proportion of C>A transversions in 


late mutations (LUAD current smokers, P < 0.0001; 
former smokers, P < 0.0001; never-smokers, P = 
0.147; LUSC current smokers, P = 0.003; former 
smokers, P < 0.0001; and never-smokers, P = 
0.673) (Fig. 3B). Similarly, the least-pronounced 
decrease was observed in LUSC current smokers; 
25% of LUSC displayed no decrease in C>A trans- 
versions, compared with less than 10% in LUAD. 
The mutational footprint of smoking exhibits a 
strand bias with C>A transversions accumulating 
preferentially on the transcribed strand (JO, 12). 
Both LUAD and LUSC former smokers revealed 
a statistically significant decrease in strand bias 
in late, compared with early, C>A transversions 
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Fig. 3. Temporal and spatial dissection of mutation spectra in LUAD and 
LUSC samples. (A) Fraction of early mutations (trunk) and late mutations 
(branch) accounted for by each of the six mutation types in all M-seq sam- 
ples. (B) Beeswarm plots showing the fraction of early mutations and late 
mutations accounted for by each of the six mutation types in every TCGA 
former smoker or current smoker with both early and late mutations. Sig- 
nificance is indicated. (©) APOBEC mutation enrichment odds ratio for 
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early (trunk, blue bars) and late (branch, red bars) mutations for M-seq 
samples. The APOBEC signature encompasses C>T and C>G mutations in 
a TpC context (16). The 95% confidence intervals for Fisher's exact test are 
indicated. (D and E) Three mutation types (C>A; C>G and C>T) at all 16 
possible trinucleotide contexts for LOO2 (D) and LOO8 (E). For both sam- 
ples, trunk mutations as well as branch mutations from two regions are 
depicted. 
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(LUAD, P = 0.00354; LUSC, P = 0.046), consist- 
ent with an ancestral footprint of smoking on 
these genomes. Conversely, no statistically sig- 
nificant difference was observed between early 
and late mutations in current smokers (LUAD, P = 
0.23; LUSC, P = 0.22). 

In the majority of M-seq tumors, the decreased 
proportion of C>A mutations was accompa- 
nied by an increase in C>T and C>G mutations 
at TpC sites, indicative of APOBEC cytidine de- 
aminase activity (13-15). Mutations consistent 
with APOBEC-mediated mutagenesis were more 
pronounced on the branches than the trunk in 
four out of five LUAD M-seq samples (Fig. 3C). 
On average 31% (8 to 41%) of nonsilent branch 
mutations occurred in an APOBEC-mutation 
context compared with 11% (7 to 16%) of trun- 
cal nonsilent mutations. Branched driver genes 
PIK3CA, EP300, TGFBR1, PTPRD, and AKAP9 
harbored mutations in an APOBEC context, which 
indicated a possible functional impact of APOBEC 
activity on subclonal expansion. Likewise, TCGA 
LUAD tumors with detectable APOBEC muta- 
tional signatures showed significant enrichment 
in late, compared with early, APOBEC mutations 
(P < 0.001) (fig. S12), and 20% of subclonal driver 
mutations were found to occur in an APOBEC 
context, compared with 11% of clonal driver mu- 
tations. However, for TCGA LUSC tumors with 
detectable APOBEC mutational signatures, tem- 
poral dissection of APOBEC mutations did not 
reveal such a clear trend (fig. S12), which indicated 
potential differences in the temporal dynamics 
of APOBEC-mediated mutagenesis between his- 
tological subtypes. In addition to temporal het- 
erogeneity, spatial heterogeneity in both the 
proportion of APOBEC-associated mutations 
(Fig. 3, D and E) and APOBEC mRNA expression 
was observed in the M-seq tumors (fig. S13). 

To gain a deeper understanding of NSCLC 
evolution, we focused on the two tumors with 
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high-coverage M-seq WGS and temporally placed 
the genomic instability processes relative to the 
emergence of the most-recent common ancestor 
(Fig. 4). In patient LOO2, a current smoker, to- 
bacco carcinogens played a significant role early 
in tumor development, with C>A transversions 
representing 39% of truncal mutations (Fig. 4A). 
Early mutations included multiple driver genes, 
such as TP53 and CHD8. Upon diversification into 
a LUAD subclone and a LUSC subclone, copy 
number alterations (fig. S7) and driver mutations 
were acquired independently in both subclones, 
such as a stop-gain mutation in the tumor suppres- 
sor gene FAT on the LUSC branch and muta- 
tions affecting 7GFBRI, ZFHX4, ARHGAP35, and 
PTPRD in the LUAD region. APOBEC-associated 
mutations were elevated specifically in the LUAD 
region, which included the driver mutations in 
TGFBRI1 and PTPRD, and the highest APOBEC3B 
mRNA expression was detected in this region 
(fig. S13). 

The tumors from patient L008 also displayed 
truncal C>A transversions and spatial heteroge- 
neity in APOBEC enrichment, with a more pro- 
nounced APOBEC signature in the tumor of 
the middle lobe compared with the upper lobe 
(Fig. 4B). In L008, we gained further temporal 
resolution by exploring the mutations before 
and after the truncal genome-doubling event. 
All truncal driver mutations were found to oc- 
cur before genome doubling. However, a tobacco 
smoke signature of C>A transversions was ob- 
served in more than 30% of truncal mutations 
both before and after doubling, and only in 
21% and 9% of heterogeneous mutations in the 
two regions R1 and R3 from separate lobes of 
the lung. Because LO08 ceased smoking more 
than 20 years before surgery (table S1), these 
data suggest that the genome-doubling event 
and truncal driver mutations occurred within a 
smoking carcinogenic context more than 20 years 


B Loos 


smoking 


ago. Similarly, the genome-doubling event and 
truncal driver mutations in former smoker LOO1 
also appeared to occur before smoking cessation 
more than 20 years before surgery (fig. S14). 
These data suggest a prolonged tumor latency 
period after genome doubling and before clin- 
ical detection in NSCLC. 

Through sequencing multiple surgically re- 
sected tumor regions, we were able to unravel 
both the extent of genomic heterogeneity and 
the evolutionary history of seven NSCLCs. In con- 
trast to the situation in clear cell renal cell car- 
cinoma (ccRCC) (27, 28), known driver mutations 
typically occurred early in NSCLC development, 
and the majority of high-confidence driver events 
were fully clonal. Conceivably, this explains the 
progression-free survival benefits associated with 
NSCLC oncogenic driver targeting (29). However, 
like ccRCC (27, 28), all NSCLCs exhibited heter- 
ogeneous driver mutations and/or recurrent 
copy number aberrations and many heteroge- 
neous mutations gave the “illusion of clonal- 
ity,” as they are present in all cells from certain 
regions but undetectable within other regions. 
Notably, although our multiregional sampling 
approach allowed us to evaluate spatial hetero- 
geneity, only a small part of the entire tumor 
was sampled (on average <5%), which indicates 
that we might be underestimating the full extent 
of heterogeneity in these tumors. 

Conceivably, intratumor heterogeneity may 
compromise the ability of a single biopsy to de- 
fine all driver events comprehensively for opti- 
mal tumor control. For instance, L008 presented 
with an activating BRAF (G469A) mutation (30) 
in all regions and an activating PIK3CA (E542K) 
mutation (37) only in region R3. Thus, a biopsy 
taken from R3 might suggest treatment with an 
inhibitor of the phosphatidylinositol 3-kinase- 
mammalian target of rapamycin (PI3K/mTOR) sig- 
naling axis and combination therapy. Conversely, 
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Fig. 4. A model of the evolutionary history of NSCLC. Evolutionary histories of tumors from patients LOO2 (A) and LO08 (B) are depicted. Genomic instability 
processes defining NSCLC evolution have been placed on their phylogenetic trees. Driver mutations occurring in an APOBEC context are highlighted with a blue 
box, and those occurring in a smoking context with a gray box. In each case, the timing of genome-doubling events is indicated with an arrow. CIN, chromosomal 
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a single biopsy from any other region would sug- 
gest treatment with a BRAF inhibitor, for which 
the tumor cells from R3 might be resistant be- 
cause of the PIK3CA mutation (32). 

Our study also sheds light on the divergent 
genomic instability processes involved in NSCLC 
evolution and their dynamics over time. Evidence 
for spatial diversity in genomic instability pro- 
cesses suggests that opportunities to exploit such 
mechanisms therapeutically may be limited in 
this disease (33). In three tumors, we detected 
genome-doubling events occurring before sub- 
clonal diversification but after acquisition of 
driver mutations, consistent with findings in 
colorectal cancer that genome doubling may 
accelerate cancer genome evolution (34). The 
relation of chromosomal instability with drug 
resistance and early tumor recurrence (35, 36) 
suggests that targeting truncal driver events may 
be compromised by the initiation of chromo- 
somal instability later in tumor evolution. These 
results, coupled with the observation that NSCLC 
tumors may have prolonged latency periods, sup- 
port continued efforts to optimize methods for 
earlier detection. 

Unexpectedly, we found that despite continu- 
ous exposure to the mutagens in tobacco smoke, 
tumors from smokers showed evidence that an 
additional genomic instability process (APOBEC- 
associated mutagenesis) likely contributes to tu- 
mor progression. A large proportion of subclonal 
driver mutations were found to occur in an 
APOBEC context, which suggests that the dif- 
ferences in mutation spectra over time and space 
may reflect the activity of the process generating 
the mutations, as well as the selective advantage 
of the acquired mutations. 

The presence of subclonal, regionally sepa- 
rated driver events, coupled with the relentless and 
dynamic nature of genomic instability processes 
observed in this study, highlight the therapeutic 
challenges associated with NSCLC. Engaging an 
adaptable immune system may present a tracta- 
ble approach to manage the dynamic complexity 
in NSCLC (37). Longitudinal studies will be re- 
quired to decipher drivers of subclonal expansion, 
identify the origins of subclones contributing to 
metastatic recurrence, and resolve the evolution- 
ary principles that underpin the dismal outcome 
associated with this disease. 
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Intratumor heterogeneity in localized 
lung adenocarcinomas delineated by 
multiregion sequencing 
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Cancers are composed of populations of cells with distinct molecular and phenotypic 
features, a phenomenon termed intratumor heterogeneity (ITH). ITH in lung cancers has 
not been well studied. We applied multiregion whole-exome sequencing (WES) on 11 
localized lung adenocarcinomas. All tumors showed clear evidence of ITH. On average, 76% 
of all mutations and 20 out of 21 known cancer gene mutations were identified in all 
regions of individual tumors, which suggested that single-region sequencing may be 
adequate to identify the majority of known cancer gene mutations in localized lung 
adenocarcinomas. With a median follow-up of 21 months after surgery, three patients 
have relapsed, and all three patients had significantly larger fractions of subclonal 
mutations in their primary tumors than patients without relapse. These data indicate that a 
larger subclonal mutation fraction may be associated with increased likelihood of 
postsurgical relapse in patients with localized lung adenocarcinomas. 


ntratumor heterogeneity (ITH) may have im- 
pacts on tumor biopsy strategy, characteriza- 
tion of actionable targets, treatment planning, 
and drug resistance (J-6). ITH has recently 
been elucidated in substantial detail in seve- 


ral cancer types with the use of next-generation 
sequencing (NGS) approaches (7-14). Recent 
evidence supports a model of branched evolu- 
tion leading to variable ITH in different tumors 
(9, 13, 15, 16). Studies in clear cell renal carcinoma 
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(ccRCC) have demonstrated substantial ITH, 
with the majority of mutations in known cancer 
genes confined to spatially separated tumor re- 
gions, except that VHZ loss is a ubiquitous event 
(16, 17). These data suggest that a single biopsy 
may be inadequate for identifying all cancer gene 
mutations from a tumor, as it presents an in- 
complete view of potential targets for therapy. 
Critically, the extent to which these observations 
in ccRCC apply to other solid tumors is currently 
not clear. 

To characterize ITH in localized lung adeno- 
carcinomas, we applied multiregion whole-exome 
sequencing (WES) on 48 tumor regions from 11 
resected lung adenocarcinomas (eight stage I, 
two stage II, and one stage III tumors, tumor size 
2 to 4.6 cm), all from patients who had surgery 
with curative intent (Fig. 1 and table S1). WES 
was conducted at a mean depth of 277x. In total, 
7269 mutations were identified, and 7026 (97%) 
somatic mutations were validated by a separate 
bespoke capture sequencing experiment at mean 
depth of 863x (table S2). The numbers of mu- 
tations varied substantially between tumors (fig. 
SI), but no significant correlations were identi- 
fied between mutation burden and age, gender, 
tumor size, lymph node status, or smoking status. 

A useful approach when considering ITH is to 
depict a given tumor as a tree structure with the 
trunk representing ubiquitous mutations present 
in all regions of the tumor, branches representing 
heterogeneous mutations present in only some 
regions of the tumor, and private branches rep- 
resenting mutations that are present only in one 
region of the tumor—analogous to a phylogenetic 
tree. Placement of mutations on trunks versus 
branches reflects relative molecular time of ac- 
quisition, with branch mutations occurring, by 
definition, subsequent to trunk mutations. We 
applied this approach to multiregion sequencing 
data from these 11 lung adenocarcinomas. Evi- 
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dence for ITH was found in each tumor studied. 
On average, 76% of all mutations were detected 
in all regions of the same tumors. However, the 
phylogenetic structure varied considerably between 
tumors (Fig. 1). We then characterized known 
cancer gene mutations, defined as nonsynonymous 
mutations identical to those previously reported in 
known cancer genes (J8-23) or truncating muta- 
tions in known tumor suppressor genes, in the 
context of the derived phylogenetic tree struc- 
tures. Thirteen of 14 known cancer gene point 
mutations were mapped to the trunks of the 
phylogenetic trees (Fig. 1 and table $3), which 
indicated that these mutations were acquired 
relatively early during evolution of these 11 tu- 
mors. In contrast to ccRCC, these data suggest 
that single-region sampling may be sufficient to 
identify the majority of known cancer gene mu- 
tations in localized lung adenocarcinomas. 


We were also able to evaluate copy number 
changes relative to ITH. In contrast to ccRCC 
(16, 17, 24), we did not observe substantial dif- 
ferences in large-scale chromosome aberrations 
(fig. S2A), and the log2 ratio profiles were similar 
between different regions within the same tu- 
mors (fig. S2B and table S4). Furthermore, am- 
plification or deletion of known cancer genes 
(22), as well as their relative placement on the 
phylogenetic trees, were delineated for these 11 
lung adenocarcinomas. All of these events were 
mapped to the trunks of the phylogenetic trees 
(Fig. 1), which suggested that, like known can- 
cer gene point mutations discussed above, am- 
plification and/or deletion of known cancer genes 
were also early molecular events for these 11 tumors. 
Previous work in breast cancer also suggested that 
known cancer gene mutations were relatively 
early genetic events shared by all subclones of 
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Fig. 1. Assessment of ITH of 11 lung adenocarcinomas by multiregion sequencing. An example of 


regional mutation distribution (case 330) of resected 


tumors (represented by the ellipsis) is shown at the 


upper left corner. Mutated cancer genes are indicated to the right of representative hematoxylin and 
eosin—stained pathology image of each sequenced tumor region. Numbers of trunk, branch, and private 
branch mutations for each region are indicated in associated windows. A phylogenetic tree was generated 
from all validated mutations by using the Wagner parsimony method in PHYLIP. Blue, yellow, and red lines 
represent trunk, branch, and private branches, respectively. Trees are anchored at a germline DNA se- 
quence obtained from peripheral blood of the relevant patients. Known cancer gene mutations are 


mapped to the trunks and branches as indicated. 


Point mutations, amplifications, and deletions of 


known cancer genes are presented as black, +red, and —green, respectively. Trunk and branch lengths 
are proportional to the numbers of mutations acquired on the corresponding trunk or branch. Note: Five 


tumors have their trunk lengths reduced to 10%’ or 


2% of original length for visualization purposes. 
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individual breast cancers (13). Taken together, 
these results indicate that different cancer types 
may have different relative timing of acquisition 
of cancer gene mutations. Further, the data would 
suggest in this subset of lung adenocarcinomas, 
there are likely mutations in noncanonical can- 
cer genes that drive tumor development and sub- 
clonal divergence. 

With a median follow-up of 21 months after 
surgery at the time of this report, three patients 
have had disease relapse. These three patients 
had a significantly larger proportion of subclonal 
nontrunk mutations (branch plus private branch 
mutations) in their primary tumors than patients 
without relapse (average 40% in relapsed patients 
versus 17% in patients without relapse, P = 0.006 
by ¢ test) (Fig. 1). Although the sample size is 
small, these findings suggest the possibility that 
subclonal mutations may be important for can- 
cer progression and that larger subclonal muta- 
tion fraction may be associated with an increased 
likelihood of postsurgical relapse in this subset of 
lung adenocarcinoma patients. 

Analysis of NGS data relies heavily on ade- 
quate sequencing depth to make high-accuracy 
consensus base calls. We compared our WES data 
(average sequencing depth 277x) with deep se- 
quencing data (average sequencing depth 863~) 
to assess the effect of sequencing depth on de- 
tecting known cancer gene mutations. In tumor 
499, a canonical KRAS p.G12C mutation was de- 
tected in only one of four tumor regions at exome 
depth but was detected in all four tumor regions 
at increased sequencing depth (table S2). Ex- 
tending this analysis, we then compared deep 
sequencing data with WES data in defining ITH. 
The result showed many branch and private 
branch mutations defined by WES were detec- 
table in all regions of individual tumors with 
increasing sequencing depth (Fig. 2). Taken to- 
gether, these results indicate that considerable 
depth of sequencing will be necessary to detect 
cancer gene mutations and to accurately char- 
acterize ITH of lung adenocarcinomas. 

Next, we analyzed the mutational spectrum of 
these 11 lung adenocarcinomas. Consistent with 
previous studies (18-20, 25), different mutation 
spectra were observed in smokers and non- 
smokers. Three never-smokers (cases 292, 339, 
and 356) showed C>T-predominant mutation 
profiles. Three former smokers who had quit more 
than 20 years before (cases 270, 472, and 4990) 
and one former smoker who had a 25 pack-year 
(pack-year = number of packs per day x number 
of years) history of smoking and quit 6 years ago 
(case 283) also showed C>T-predominant muta- 
tion profiles, as in nonsmokers. Two former smok- 
ers who had a >50 pack-year history of smoking 
and had quit 5 years before (cases 317 and 499) 
and one former smoker, who had a 25 pack-year 
history of smoking and had quit only 2.5 years 
before (case 330) showed C>A-predominant muta- 
tion profiles consistent with the mutation profile 
of cigarette smoke exposure. The only current 
smoker, who had a 20 pack-year history of smok- 
ing but had cut down to two cigarettes a day at 
the time of cancer diagnosis (case 324), showed 
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an equivalent portion of C>T (26%) versus C>A 
(21%) substitutions in her tumor (Fig. 3A). These 
results indicate that tumor mutation spectra in 
former smokers reflect not only quantity of smoking 
exposure but also time since smoking cessation. 

We next compared the mutational spectrum of 
trunk versus nontrunk mutations to explore the 
relative contribution of mutational processes over 
time. Significant differences in mutational spec- 
trum were observed in six tumors, which indi- 
cated that specific mutational processes were 
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likely operative at different times during devel- 
opment of these tumors (Fig. 3, B and C). Of in- 
terest, two former smokers (cases 317 and 330) 
and the current smoker (case 324) showed sig- 
nificant differences between trunk and nontrunk 
mutation spectrum with a shift from smoking- 
associated C>A transversions in trunk mutations 
to nonsmoker-associated C>T transitions in non- 
trunk mutations. 

Recent evidence has suggested that APOBEC ac- 
tivity is a major source for C>T and C>G mutations 


330 339 356 472 499 4990 


AB 


A=Exome sequencing B= Deep sequencing 


Fig. 2. Distribution of trunk, branch, and private branch mutations defined by exome sequencing 
(average sequencing depth of 277x) versus deep sequencing (average sequencing depth of 863x). 
Only validated mutations meeting the following criteria are included: total counts in tumor DNA = 100; 
total counts in germline DNA = 50; variant allele frequency (VAF) of =5% in tumor DNA, and VAF = O in 


germline DNA. 
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B Trunk mutations Cc Non-trunk mutations D APOBEC mutation signature enrichment 
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Odd ratio 
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Fig. 3. Mutation spectrum of the 11 lung adenocarcinomas. (A) Mutation spectrum of all validated 
mutations. (B) Mutation spectrum of trunk mutations. (C©) Mutation spectrum of nontrunk mutations. The 
difference of mutation spectrum between trunk and nontrunk mutations in each patient was evaluated 
with Fisher's exact test, and significant P values are shown as *P < 0.05 and **P < 0.01. (D) APOBEC 
mutation signature enrichment odds ratio for trunk and nontrunk mutations. The 95% confidence intervals 
for Fisher's exact test are indicated. PY, pack-year. 4] indicates that the patient had cut down to two 


cigarettes a day at the time of cancer diagnosis. 
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(12, 26). We therefore investigated whether there 
is evidence of an APOBEC mutational process 
in this subset of lung adenocarcinomas. On av- 
erage, 28% of all mutations had a specific sub- 
stitution pattern (C>T/G at TpCpW sites, where 
W is Aor T), consistent with an APOBEC-mediated 
process (fig. S3). APOBEC mutation signature 
enrichment was found to be more pronounced for 
nontrunk mutations compared with trunk muta- 
tions in 7 of the 11 patients; however this differ- 
ence was statistically significant only for case 330 
(Fig. 3D). These data suggest that an APOBEC- 
like process is contributing substantially to the 
mutations found in this subset of lung adeno- 
carcinomas and that the process tends to be more 
pronounced in later, subclonal mutations; this 
further highlights the dynamic nature of muta- 
tional processes in play. 

Substantial variation in the allele frequency of 
somatic mutations within each individual tumor 
region from a given tumor was observed in this 
set of lung adenocarcinomas (fig. S4A). To more 
formally characterize subclonal fraction within 
each tumor region, we used the ABSOLUTE algo- 
rithm (27). These analyses demonstrated that at 
least 29 out of 48 individual tumor regions showed 
evidence of intraregional subclonal populations. 
The distribution of clonal and subclonal muta- 
tions was different among the sampled regions 
within the same tumors in some patients (fig. 
S4B), which suggests that single-biopsy analysis 
would be inadequate to fully represent ITH in 
these tumors. 

To explore the possible implications of these 
data on translation to routine ITH assessment 
for in clinical practice, we repeated the ABSO- 
LUTE analysis on the combined sequencing data 
from all tumor regions of each patient to assess 
the global ITH on a per-patient level, defined by 
the relative proportion of subclonal mutations. 
Similar to the phylogenetic analyses, all three 
patients with relapsed disease had larger sub- 
clonal fractions in their primary tumors (average 
41% in patients with relapse versus 24% in pa- 
tients without relapse, P = 0.045 by ¢ test) (fig. 
S5A). Use of a complementary Bayesian Dirichlet 
process (13) on the per-patient combined data re- 
vealed the same trend (average subclonal muta- 
tions 66% in patients with relapse versus 36% 
in patients without relapse, P = 0.035 by ¢ test) 
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(fig. S5B). These results suggest that a measure 
of overall subclonal fraction may be of interest 
from a prognostic standpoint in this population 
of patients. 

Resectable localized disease accounts for 30 to 
50% of all non-small cell lung cancers, with in- 
creasing prevalence as screening is more widely 
implemented (28-30). Given that this subset of 
patients has tumors surgically resected as stan- 
dard of care, there is an opportunity to confirm 
these preliminary observations by deep sequenc- 
ing multiregion samples obtained from resected 
tumors. The questions of whether sequencing- 
targeted cancer gene panels versus WES will 
yield sufficient mutation data for meaningful 
analyses and the most appropriate algorithms 
for analyses will need to be addressed in order 
to fully test if the clinical correlation suggested 
in these data are borne out in larger patient 
cohorts. 

Evidence of marked regional ITH in ccRCC sug- 
gested substantial challenges to personalized on- 
cology based on single-tumor biopsy to portray 
the mutational landscape. This study, however, 
provides evidence that ITH patterns may be dif- 
ferent between cancer types. With the caveat of 
limited sample size fully acknowledged, these data 
suggest that, although multiregion sampling is 
needed to fully assess ITH complexity, single- 
biopsy analysis at appropriate depth might be 
sufficient to identify the majority of known can- 
cer gene mutations in this subset of lung adeno- 
carcinomas. Studies in much larger cohorts, ideally 
with comprehensive clinical annotation and repeat 
biopsy at relapse, are needed to fully understand 
the clinical impact of ITH and insights afforded by 
these types of analyses. Furthermore, extension of 
research to epigenetic and phenotypic assessment 
through regional DNA methylation, chromatin 
state, and RNA and/or protein expression studies 
over time and under treatment is needed to fully 
understand the impact of ITH on the biology of 
the cancer itself and its impact on the clinical 
phenotype of cancer patients. 
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High-Volume Microplates 
Precisely manufactured to SLAS/ANSI 
specifications, Porvair Sciences’ 24- 
well deep-well plates permit users to 
simply undertake multiple, high-volume 
(10 mL/well) experiments in a single 

unit maximizing both productivity and 
operational flexibility. The 24-well plates 
are constructed of high-grade, low 
extractable polypropylene, which imparts 
excellent temperature and chemical 
resistance making them the perfect 

tool for applications including serial 
dilution, mixing, reaction chemistry, and 
cell culture growth. The wells are square 
with a conical base to optimize sample 
concentration and recovery. The plate 
dimensions are precisely manufactured 
to SLAS/ANSI specifications making 
them compatible with automated liquid 
handling systems and other robotic 
sample processing equipment. To enable 
easy sampling access whilst maintaining 
sample integrity, Porvair high-volume 
deep-well plates may be securely 
sealed with a Santaprene piercable seal. 
The plates are also easily stackable 
economizing valuable space in low 
temperature storage (-80°C). 

Porvair Sciences 

For info: +44-(0)-1978-666239 
www.porvair-sciences.com 


Spectrometer 

The new Epoch 2 Microplate Spectro- 
photometer is the first reader to combine 
a large touchscreen and full onboard 
data analysis software for simplified and 
efficient operation and reporting of absor- 
bance-based detection workflows. The 
10-inch color touchscreen interface offers 


LIFE SCIENCE TECHNOLOGIES 


NEW PRODUCTS: GENERAL LAB EQUIPMENT 


Digital Water Baths 

A new line of economical general purpose 
water baths that combine exceptional 
temperature control with full-featured digi- 
tal functionality and ease of operation is 
now available. Designed to accommodate 
a wide variety of clinical and laboratory 
applications, these versatile water baths 
maintain bath temperatures from ambient 
+5°C to 99.9°C with +0.1°C stability and 
+0.2°C uniformity. They are available with 2, 
5, 10, 20, or 28 L single chamber reservoirs. 
In addition to precise temperature control, 
PolyScience water baths feature a digital 
temperature readout that displays both the 
actual bath temperature and set point tem- 
perature simultaneously, three user-defined 
temperature preset buttons for the quick 
selection of frequently used temperature set 
points, and an integrated timer. For added 
operational convenience, all models include 
a steeply gabled tilting cover that accom- 
modates glassware of varying heights 

and permits easy loading and removal of 
samples while allowing condensate to drain 
neatly back into the bath. 

PolyScience 

For info: 800-229-7569 
www.polyscience.com 


High-Resolution Spectrometer 
A new high-resolution spectrometer sys- 
tem with picometer resolution capability 
is now available. The 1.3 m focal length 
McPherson Model 209 spectrometer 
with new micro-step drive can make 
wavelength steps as small as 0.1 pm. 
Software control is simplified since the 
wavelength steps are linear for uniform 
moves over thousands of nanometers 
free spectral range. The new models 
also support homing for wavelength 
calibration. With array detectors, spec- 
tral resolution is dictated by the sen- 
sors’ pixel size and spectrometers focal 
length. Micro-step scans deliver superior 
performance and meet or exceed prior 
published specifications. All McPherson 
spectrometers are easy to use and can 
be systems’ integrated. All are available 
with the special micro-step controller 
with an extensive software package. 
The step motor controller accepts ASCII 
commands. The user can specify speed, 
direction, and step size increment with 
software commands. LabVIEW libraries 
and program examples for text-based 
programming are available. 

McPherson 

For info: 978-256-4512 
www.mcphersoninc.com 


Row Dilution Plate Holder 

A new Row Dilution Plate Holder 
accessory has been introduced for the 
VIAFLO 96 and 384 handheld benchtop 
pipettes. The new row dilution plate 
holder adds the functionality to perform 
serial dilutions in rows. The plate holder 
can easily be adapted to work with either 
96- or 384-well plates. The ability to 


an enhanced user experience, with intuitive navigation and a high- 
resolution display. On-board Gen5 Data Analysis Software provides 
quick analysis and flexible export and report options at the touch 
of a few buttons. Data export is expanded via WiFi, Bluetooth, and 
USB flash drive. To further maximize versatility, Epoch 2 features a 
spectral range from 200 to 999 nm, selectable in 1 nm increments 
for -single, -dual, and multi-wavelength measurements in end- 
point and kinetic read methods; and also offers spectral scanning 
and well area scanning. Compatible sample vessels include 6- to 
384-well microplates, standard cuvettes, and 2 uL micro-volume 
samples via BioTek’s Take3 Micro-Volume Plates. 

BioTek Instruments 

For info: 888-451-5171 

www.biotek.com 


accurately and reproducibly produce dilution curves is essential to 
improving assay throughput and quality. The VIAFLO 96/384 offers 
high sample throughput without a robot. It is a handheld bench 
top pipette, capable of 96- and 384-well pipetting with a choice 

of various pipetting heads. The VIAFLO 96 benchtop electronic 
pipette offers an affordable solution to increase productivity when 
working with microplates. It closes the gap between traditional 
manual pipettes and robotic systems, allowing for accurate and 
reproducible 96-channel pipetting. The VIAFLO 384 is a more 
advanced system, which can work with both 96- and 384-channel 
pipetting heads to maximize productivity. 

Integra Biosciences 

For info: +41 -(0)-81-286-9530 

www.integra-biosciences.com 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations 
are featured in this space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any 
products or materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 
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UNIVERSITY OF UTAH 
SCHOOL™ MEDICINE 


Tenure-track Assistant or Associate Professor of Genetics/Genome Sciences 


The Department of Human Genetics at the University of Utah School of Medicine (www.genetics.utah.edu) 
seeks outstanding applicants for tenure-track positions at the level of Assistant or Associate Professor. We are 
looking for a highly creative scientist who uses genetics to investigate fundamental biological problems. We 
especially encourage applicants whose research focuses on human and medical genetics using functional, 
computational, or evolutionary genomics and/or model organisms. As part of a vibrant community of 
collaborative faculty on campus, the Department of Human Genetics lies at the interface between basic and 
clinical sciences, creating ample opportunities for interdisciplinary studies (e.g., the newly formed Center 
for Genetic Discovery). Our institution is set in a unique recreational and geographical landscape that 
attracts a very diverse and productive scientific community. Successful candidates will receive a generous 
startup package and enjoy a stimulating research environment that places a strong emphasis on innovation 
and interaction. 


Our submission deadline is November 14, 2014. To apply, please see the following website: http://utah. 
peopleadmin.com/postings/35937. For questions regarding this posting or your application, please contact 
Natalie Johnson at: njohnson@genetics.utah.edu 


The University of Utah is an Affirmative Action/Equal Opportunity employer and does not discriminate 
based upon race, national origin, color, religion, sex, age, sexual orientation, gender identity/expression, 
status as a person with a disability, genetic information, or Protected Veteran status. Individuals from 
historically underrepresented groups, such as minorities, women, qualified persons with disabilities and 
protected veterans are encouraged to apply. Veterans’ preference is extended to qualified applicants, 
upon request and consistent with University policy and Utah state law. Upon request, reasonable 
accommodations in the application process will be provided to individuals with disabilities. To 
inquire about the University s nondiscrimination or affirmative action policies or to request disability 
accommodation, please contact: Director, Office of Equal Opportunity and Affirmative Action, 201 S. 
Presidents Circle, Rm 135, (801) 581-8365. 


The University of Utah values candidates who have experience working in settings with students from 
diverse backgrounds, and possess a [strong or demonstrated] commitment to improving access to higher 
education for historically underrepresented students. 


The University of Utah Health Sciences Center is a patient-focused center distinguished by collaboration, 
excellence, leadership, and respect. The Health Sciences Center values candidates who are committed to 
fostering and furthering the culture of compassion, collaboration, innovation, accountability, diversity, 

integrity, quality, and trust that is integral to the mission of the University of Utah Health Sciences Center. 


PURDUE 


UNIVERSITY 


FIVE ASSISTANT PROFESSOR TENURE-TRACK POSITIONS 
CENTER FOR MOLECULAR AGRICULTURE 


Purdue University, West Lafayette, Indiana, invites applications from outstanding basic scientists 
for five tenure-track assistant professor positions that will be part of a new Center for Molecular 
Agriculture. With the establishment of this Center, we aim to build a team of scientists that will 
cooperatively address grand challenges in plant biology including, but not limited to, the molecular 
basis of complex traits, genome interactions with the biotic and abiotic environment, the role of 
metabolic and cellular processes in determining phenotypes, and the molecular/genetic basis for 
developmental plasticity and adaptation in changing environments. We seek individuals with vigorous 
and innovative research programs that address fundamental questions in plant biology and who are 
eager to be part of an interdisciplinary team that will discover basic principles that may contribute 
to improving agricultural productivity and sustainability on regional, national, and international 
scales. Candidates utilizing computational/modeling approaches; biosensor/imaging technologies; 
and working on molecular, organismal or ecosystem levels are all encouraged to apply. The successful 
candidates will be expected to develop internationally recognized and extramurally funded scholarly 
research programs, interact with diverse faculty across the Purdue campus, teach undergraduate 
and graduate level courses and excel in doing so, and function as active and involved members of 
the Center. The Center is part of the Plant Sciences Research and Education Pipeline, which also 
includes facilities for genome editing, plant transformation, high-throughput phenotyping, and a plant 


All ads submitted for publication must comply with 
applicable U.S. and non-U.S. laws. Science reserves 
the right to refuse any advertisement at its sole 
discretion for any reason, including without limitation 
for offensive language or inappropriate content, 

and all advertising is subject to publisher approval. 
Science encourages our readers to alert us to any ads 
that they feel may be discriminatory or offensive. 


commercialization incubator. This is an academic year appointment. 


Applicants should have a Ph.D. in life, computational, or physical sciences, preferably with at least two 
years of post-doctoral experience or its equivalent, a strong publication record, the potential to develop 
a vigorous, extramurally funded research program, and a commitment to both hypothesis-driven 
research and teaching excellence. Applications should be submitted electronically to molecularag@ 
purdue.edu and must include a cover letter, curriculum vitae, two-page summary of research interests, 
statement of teaching objectives/interests, and the names and contact information for three references. 
Screening of applications will begin December 1, 2014 and will continue until the positions are filled. 
A background check is required for employment in this position. 
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Purdue University is an Equal Opportunity/Equal Access/Affirmative Action Employer fully 
committed to achieving a diverse workforce. All individuals, including minorities, women, 
individuals with disabilities, and protected veterans are encouraged to apply. 


lreland seeks 
World-class 


Science 
Foundation 
Ireland 


Research Talent 


Ireland is building a reputation as a world leader in 
scientific research capability, continuously climbing 
the international citation and innovation rankings to 
be in the top 20 countries overall for citations, while 
achieving rankings of 1st, 3rd and 4th in Immunology, 
Nanoscience and Computer Science research 
respectively. 


Ireland is a small English speaking technologically 
advanced country (population 4.5 million), home to 
leading multinational and indigenous companies, with 
a young growing population (the median population 
age is 35, the lowest in the EU), ranked ist in Europe 
for completion of university education and 

in the top centile of Eurostat rankings 

for Innovation Output. 


Ireland is committed to 
funding excellent and 
impactful research. In 

2013 Science Foundation 
Ireland (SFI) invested, 

with industry, €300 

million (S400 million) 

in 7 new cutting-edge 
research centres; 

funded over 300 new 
research awards; SFI 
supported researchers 
obtained over €125 

million (S167 million) 

of additional research 
funding from the European 
Union, Charities and industry. 
SFI supports over 450 leading 
researchers who are involved in 2,000 
national and international collaborations 
across 48 countries. 


ra) 


SFI also supports 100 outstanding young researchers 
at the early stages of their careers. 


Ireland has now launched an integrated recruitment 
programme involving all the Irish Universities and the 
national science funding agency (SFI) to attract world- 
class researchers, with exceptional reputations, to 
assume leadership positions (e.g. Professorial Chairs) in 
key areas of national importance that include advanced 
manufacturing; bio-manufacturing; energy; marine; 
ICT; medical devices; agrifood; climate change; smart 
cities; ageing; connected health; and digital platforms, 
content and applications. 


The SFI Targeted Research Professorship 
Programme 2014 will provide 
competitive research funding 
from SFI of up to €5 million 
($6.7 million) in direct 
costs, salary and physical 
accommodation will 
be provided by the 
universities. 


If you believe that you 
can inspire and build 
excellence with impact in 
a well-resourced research 
environment, please 
consult www.sfi.ie or 
email researchprof@sfi.ie 
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Professor of Single 
Particle Cryo-electron 
Microscopy and Methods 
Development 


+> The Department of Biology {(www.biol.ethz.ch) 
at ETH Zurich invites applications for the 
above-mentioned position. 


+> The successful candidate should use single 
particle electron microscopy to study the function 
and the molecular mechanism of biological 
complexes and large assemblies. Preferably, he 
or she Is actively engaged in developing methods 
for high resolution structure determination by 
electron microscopy. The future professor will 

be expected to build an innovative and interna- 
tionally competitive research program within the 
Institute of Molecular Biology and Biophysics 
(www.mol.biol.ethz.ch}. The institute provides an 
excellent scientific environment and access to 
state-of-the-art equipment. The search is open 
to all research fields, although applications from 
candidates with a focus complementary to those 
already pursued at the Institute are encouraged. 
Transmission electron microscopes including a 
FEI Tecnai G2 cryo+ F20 and a FEI Titan Krios are 
available within the Electron Microscopy Center of 
ETH Zurich. The new professor will be expected 
to teach undergraduate level courses (German or 
English) and graduate level courses (English) and 
to actively contribute to the interactive, scientific 
environment at ETH Zurich. 


= Please apply online at 
www.facultyaffairs.ethz.ch 


+ Applications should include a curriculum vitae, 
a list of publications, the names of at least three 
references, and a statement of future research 
and teaching interests. The letter of application 
should be addressed to the President of ETH 
Zurich, Prof. Dr. Ralph Eichler. The closing 

date for applications is 30 November 2014. ETH 
Zurich is an equal opportunity and family friendly 
employer and is further responsive to the needs 
of dual career couples. We specifically encourage 
women to apply. 
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UNIVERSITY of WASHINGTON 


Faculty Position 
Eukaryotic Cell Biology 
Department of Biology 


As part of a long-term strategy to enhance strengths in Cell Biology, the 
Department of Biology is searching to hire a full-time (9-month) Assistant 
Professor (Job class 0116) for a tenure-track faculty position in eukaryotic 
cell biology. We seek candidates who integrate perspectives from multiple 
disciplines, use quantitative approaches, and appreciate the breadth of 
research encompassed within the Department. We are especially interested 
in candidates using experimentally tractable plant, animal or protist systems 
to investigate fields including but not limited to cell homeostasis, signaling, 
polarity, proliferation, motility, membrane trafficking, interactions between 
cells and their environments, developmental cell biology, and evolutionary 
cell biology. 


We are looking for individuals with a record of outstanding achievement 
or strong indications of outstanding future potential. Priority will be given 
to applications received by 3 November 2014 at: http://www.biology. 
washington.edu/faculty/search/. Applicants must have earned a doctorate 
by the date of appointment. All University of Washington faculty engage in 
teaching, research, and service. 


The University of Washington is an Affirmative Action, Equal Opportunity 
Employer. All qualified applicants will receive consideration for 
employment without regard to, among other things, race, religion, color, 
national origin, sex, age, status as protected veterans, or status as qualified 
individuals with disabilities. The University is building a culturally 
diverse faculty and staff and strongly encourages applications from 
women, minorities, individuals with disabilities and covered veterans. The 
University is the 2006 recipient of the Alfred P. Sloan award for Faculty 
Career Flexibility, and is committed to supporting the work-life balance of 
its faculty. Our NSF-supported ADVANCE program 
http://advance.washington.edu/ is dedicated to increasing the 
participation of women in STEM disciplines. 


Smithsonian 
National Museum of Natural History 


Research Zoologist 
Department of Vertebrate Zoology 


The Smithsonian’s National Museum of Natural History seeks a zoologist 
to conduct an integrative, specimen- or collection-based research program 
in vertebrate evolution and biodiversity, in the disciplines of herpetology, 
ichthyology, mammalogy, and/or ornithology, particularly herpetology. The 
successful candidate is expected to develop an internationally recognized 
research program that makes important contributions to understanding 
vertebrate evolution and biodiversity through integrative research 
involving phylogenetics, anatomy, development, genomics, biogeography, 
conservation, informatics, or related fields. Frequent publication of 
highly regarded papers in competitive, peer-reviewed journals, curation 
of collections in specialty area, service to the scientific community in 
leadership capacities, acquisition of external funding, engagement in 
outreach activities, and mentorship of students are expected. 


Full-time 4-year term appointment with full Government benefits to be 
filled at the GS-12 level; US citizenship required. The museum’s authorized 
salary range for this position at this time is $75,621 — $80,662 per annum. 
College transcripts and proof of U.S. accreditation for foreign study 
must be submitted online by the closing date of announcement or 
your application will be disqualified. For complete requirements 
and application procedures go to www.sihr.si.edu or www.usajobs. 
gov and refer to Announcement 14A-JW-299546-DEU-NMNH. The 
announcement opens Monday, September 29, 2014. Applications and 
all supporting documentation must be received on-line by Monday, 
October 27, 2014 and must reference the announcement number. All 
applicants will be notified by email when their application is received. 


The Smithsonian Institution is an Equal Opportunity Employer. 


KOCH 


for Integrative Cancer Research 


Faculty Position 


The Koch Institute for Integrative Cancer Research at the 
Massachusetts Institute of Technology (http://ki.mit.edu) 
invites applications for a junior or senior faculty appointment. 
Appointments are expected to be in the MIT Department 
of Biology, but other departments will be considered if 
appropriate. The Koch Institute is an NCl-designated Cancer 


Applicants should include curriculum vitae, brief summaries 
of past accomplishments and a description of future research 
plans. Letters of recommendation should be sent separately 
from three individuals able to evaluate the candidate's 
accomplishments and future potential for both research 
and teaching. 


online @sciencecareers.org 


Center, which features research across a wide range of areas 
in basic cancer research and cancer-oriented engineering. This 
is an open search with regard to field of study and specific 
research focus, but cancer relevance will be a consideration. 
The candidate(s) will be expected to develop and lead 
an internationally competitive research program as well 
as participate in undergraduate and graduate teaching. 
The successful candidate(s) will have laboratory space in the 
Koch Institute. 


Please apply online at 
https://academicjobsonline.org/ajo/jobs/4427 


Science Careers 


Complete applications are due 
by November 1, 2014. 


MIT is an Affirmative Action/Equal Opportunity employer, and we 
are actively committed to a diverse faculty. Women and members of 
underrepresented minority groups are strongly encouraged to apply. 
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The University of Texas Medical Branch 
Senior Faculty in Cryo-Electron Microscopy, X-ray Crystallography, and NMR 
Sealy Center for Structural Biology & Molecular Biophysics 


Ce m et UTMB seeks senior faculty applicants in structural biology in the Sealy Center for Structural Biology 
and Molecular Biophysics (SCSBMB). The Center supports a graduate program in molecular biophysics 
and five well-run resource laboratories in Cryo-EM, NMR, X-ray, Computation and Solution Biophysics, 

ee (BLE ) HAY? each with an excellent PhD-level manager. For details see: http://www.scsb.utmb.edu/ 


ae ges H The successful candidate must be a highly motivated individual with a PhD, MD or equivalent degree, 
aL Cernet/ Be A, a strong publication record, and a record of independent, well-funded grant support. The ideal candidate 
Ie 2 VE _ rH EK will have extensive experience in their specialty applied to the study of the structure, novel mechanisms, 
and functions of bio-macromolecules. Candidates for these positions will also hold appointments in the 
BRAY myreay bh see eae departments of Biochemistry and Molecular Biology and/or Pharmacology and Toxicology; they should 
aya 9 also have or seek overlap with the highly collaborative, established biomedical research community in 
ACernet/ FER AK UTMB’s basic science departments, and centers and programs of excellence. These include the Institute 
SH Am FE] +70 WH for Human Infections and Immunity, which includes the Galveston National Laboratory, Center for 
UTED ABS. Tropical Diseases, Center for Biodefense and Emerging Infectious Diseases, and the Sealy Center for 
Vaccine Development. Outstanding collaborative research opportunities are also available through the 
Institute for Translational Sciences, the Sealy Center for Cancer Cell Biology, the Sealy Center for 
Environmental Health and Medicine, the Sealy Center on Aging, the George P. and Cynthia Woods 
Mitchell Center for Neurodegenerative Diseases, the Moody Center for Brain and Spinal Cord Injury 
Research, the Sealy Center for Molecular Medicine and the Chemical Biology Program. These and 
other entities provide a wide variety of core services in recombinant DNA, genomics, proteomics, high- 
throughput drug screening, mass spectrometry, membrane protein crystallization, and protein expression 
and purification. Excellent collaborative opportunities also exist through UTMB’s participation in the 
Gulf Coast Consortia and the Keck Center for Interdisciplinary Bioscience. 


Applicants are requested to submit electronically: a cover letter expressing interest in being considered, 
a curriculum vitae, current funding, a summary of research accomplishments, and future goals to mail to: 
SCSBMB.recruiting@UTMB.edu. Direct inquiries to Dr. B. Montgomery Pettitt, mpettitt@utmb. 
edu, 409-772-0723. 

UTMB Health strives to provide equal opportunity employment without regard to race, color, 
national origin, sex, age, religion, disability, sexual orientation, gender identity or expression, genetic 
information or veteran status. As a VEVRAA Federal Contractor, UTMB Health takes affirmative 
action to hire and advance women, minorities, protected veterans and individuals with disabilities 
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Director 
Center for Neuropharmacology and Neuroscience 
Albany Medical College 


Albany Medical College invites applications for the position of Director of the Center for Neuropharmacology and Neuroscience (http://www.amc.edu/ 
Research/CNN/). The successful candidate will qualify for appointment as a full professor with a PhD and/or MD degree. She/he will have outstanding 
research credentials, including an extramurally funded research program and track record of research productivity, a history of administrative leadership and/ 
or significant evidence of potential for such leadership. Applicants who utilize integrated approaches involving translational models that address problems 
related to the pathophysiology of human disease are particularly encouraged to apply. The new Director is expected to provide research leadership and to 
promote career development for 17 existing faculty members with research interests in molecular neuropharmacology, neurodegenerative and neuropsychiatric 
diseases, nervous system development, synaptic plasticity, ischemic brain injury, pain and the neurobiology of drug and alcohol addiction. She/he also has 
responsibility for ensuring excellence of the CNN’s graduate, post-graduate, and medical school teaching missions. To facilitate the new Director’s vision 
for the Center a generous start-up package with two or more new faculty positions is planned. Newly recruited faculty, including the Director, will be able 
to receive joint appointments in an appropriate clinical department to encourage the development of physician-scientist collaborations. 


The New York Capital Region provides a rich academic environment, research resources and extensive opportunities for collaborations with surrounding 
universities and centers. Albany Medical Center is a founding member of the New York State Capital Region (NYCAP) Research Alliance with Rensselaer 
Polytechnic Institute and the State University of New York (SUNY) at Albany. Other significant research partners include the SUNY Polytechnic Institute 
College of Nanoscale Science & Engineering, the New York State Department of Health Wadsworth Center for Research, Albany College of Pharmacy, 
the Neural Stem Cell Institute, and General Electric Health Care Research. The Albany area offers diverse cultural and recreational attractions with easy 
access to Boston, New York City, and the Adirondack, Catskill and Berkshire Mountains. 


Consideration will be given to those applications received by December 5, 2014. A curriculum vitae, description of research interests, vision statement for 
building/maintaining a basic neuroscience center, and at least four letters of recommendation are required. Applications can be submitted by mail or e-mail to: 
Harold A. Singer, PhD 
Chair, CNN Search Committee 
Albany Medical College (MC-8) 

47 New Scotland Avenue 
Albany, New York 12208 
singerh@mail.amc.edu 


Albany Medical College is an Equal Opportunity/Affirmative Action Employer. Women and minorities are encouraged to apply. 


Postdoctoral 
RAnaA 3 
CnLC 
Opportunities for POSTDOCTORAL RESEARCHERS 
in Biomedical Research at the 
Spanish National Centre for Cardiovascular Research 
CNIC, Madrid - Spain 
The CNIC is dedicated to excellence in cardiovascular research and to 
translating new knowledge into real improvements in clinical practice. 


btemational 
| ee IBS Research Center Director Positions 


Institute for Basic Science 
at Gwangju Institute of Science and Technology, Gwangju, Korea 


The Institute for Basic Science(IBS) at the Gwangju Institute of Science and 
Technology(GIST) invites applications for research center director positions at the 
full tenured professor level. Candidates’ areas include basic science research 
in physics, chemistry(photochemistry, photobiophysics and etc.), life science 
(photobiophysics and etc.), or environmental sciences(global biogeochemical 
cycles, climate physics and etc.). 


The scientific project of the centre has been structured in three areas: 
. Cardiovascular Development and Repair Department (CDR) 
. Vascular Biology and Inflammation Department (VBI) 


i Epidemiology, Atherothrombosis and Imaging Department (EAI) Qualifications include a Ph.D. degree and exceptional track record in world-leading 


To be eligible, candidates must: 

. Hold a PhD degree that must have been awarded no more tan five 
years ago (exceptions will be made for documented career brakes and 
candidates with children) 

Have, at least, one publication as first author in an international peer 
reviewed journal 

Candidates must not have resided or carried out their main activity in 
Spain for more than twelve months in the last three years 


The CNIC offers NINE (9) fellowships in this call: 
A 3-year contract 
An internationally competitive salary 


research, and proven experiences in managing and directing a large-scale scientific 
research program. 


Directors will be expected to work full time as both a tenured professor at GIST and 
the Director of an IBS research center. Research centers will pursue large-scale, 


longitudinal and team-based research which has not been explored at other 
universities or government-funded research organizations in Korea. Directors will 
have the authority for research team staffing, decision of specific research areas to 
explore, and budget allocation. 


State of the art infrastructure and latest generation of technological 
equipment 
Scientific-technical support and complementary training 

Deadline for submission of proposals: 14 November 2014 


CNIC is an inclusive, equal opportunity employer, irrespective of nationality, 
ethnic origin, gender, marital or parental status, sexual orientation, creed, 
disability, age or political belief. Confidentiality is guaranteed throughout 
the selection process and all current regulations relating to the protection of 
personal data will be strictly adhered to. 
For further information and applications, please, visit www.cnic.es 
i= 
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Evaluation of research centers will be conducted every three years to determine 
whether to provide continued support. This excludes the first evaluation which will 
take place five years after the opening of the research center. 


GIST is a research oriented university which was established by the Korean 
Ministry of Science, ICT and Future Planning in 1993. In the QS World University 
Rankings 2014, GIST was ranked No. 4 in the world and No. 1 in Asia in “Citations 
per Faculty”. For more information, please visit http:/Avww.gist.ac.kr. Information 
on the IBS and specialized research areas for GIST is available at 
http://www.ibs.re.kr/eng.do and http://www .ibs.re.kr/eng/sub05_03_01.do. 


Anyone interested in applying should contact the Section of Academic Affairs 
at GIST, at academy @ gist.ac.kr (T. 82-62-715-2043). 


Are you the uniquely talented 
female researcher we are seeking?f 


Your excellent research record may well earn you a position as a Rosalind Franklin 
Fellow at the University of Groningen and allow you to follow in the footsteps of: 


Dr Angela Casini 


> Expertise: Medicinal Inorganic and Bioinorganic Chemistry 
> European Medal for Biological Inorganic Chemistry (EUROBIC11 Award) 


The University of Groningen currently has 30 Tenure Track positions available for talented 
female researchers in various areas within the framework of the prestigious Rosalind 
Franklin Fellowship Programme. More information: www.rug.nl/rff 


The University of Groningen (1614): an international top 100 research university 
in the North of the Netherlands. 


la Y Scan with Layar! The RFF Programme is partly 


financed by the European Union 


‘uropean 
Commission 


UNIVERSITY OF CALIFORNIA 
ELI-HU Research and Development 
Non-Profit Limited Liability Company 


mw is looking for 


team §©DIVISION HEAD FOR THE SCIENTIFIC escalate ane 
APPLICATION DIVISION OF THE ELI- Depamnenhet Blaenglnesrng 
The Department of Bioengineering invites applications for a senior faculty 
ALPS RESEARCH INFRASTRUCTURE and department Chair position (full professor rank) beginning the 2015/16 
The ELI Attosecond Light Pulse Source academic year. Exceptional candidates in all areas of bioengineering will 


be considered. 


The department offers BS, BS/MS, MS, and PhD degrees, with a current 
will be devoted to the study of ultrafast dynamics alae Olappaeimaicly 100 panini and 350 undergraduate students. 

: : ur graduate program is a gender-balanced blend of US and international 
on the femto/attosecond timescale in atoms, students, with two-thirds of the PhD students being domestic, and of those, 
molecules, plasmas and biological samples. one-fourth are underrepresented minorities. Since 2011, ten PhD students 
have received the prestigious NSF Graduate Research Fellowship. The BS 


(ELI-ALPS) 
research centre to be built in Szeged (Hungary) 


The Division Head is expected to be the driving 
force in the definition/selection of the research 
topics/activities and the formation/coordination 


degree program is fully accredited by ABET since 2011. 


The search committee seeks internationally recognized candidates in the 
of the research groups of the division that will field of Bioengineering/Biomedical Engineering, with distinguished record 

: | in academic scholarship, research, and leadership. The successful candidate 
PUreus research ue abroad spectrum of high will have the opportunity to enhance the existing and build new strengths 
harmonics, fast particle and laser applications at in the department, and is expected to create research and educational 
ELI-ALPS. opportunities with the new School of Medicine. UCR is entering a period 
of accelerated growth, with plans for hiring 300 new faculty members in 


You are welcome to submit your application the next 5 years and construction of new research facilities. 


along with your detailed CV in English 


to allas@eli-alps.hu 
SZECHENYI @ 


go Sarsessn Uslon The University of California is an Equal Opportunity/Affirmative 
y pie an [Ee] Action/Disability/Veterans Employer. 


Development Fund 
GoveRNMeNt http://www.bioeng.ucr.edu/ 


Full consideration will be given to applications received by December 
1, 2014, but the search will continue until the position is filled. Inquiries 
should be directed to Professor Dimitrios Morikis at dmorikis@ucr.edu. 
Applications should be submitted via: 
http://www.engr.ucr.edu/facultysearch/ 


online @sciencecareers.org 


Science Careers 


Smithsonian 
National Museum of Natural History 


SYSTEMATIC ENTOMOLOGIST 


The Smithsonian’s National Museum of Natural History seeks a systematic 
entomologist to conduct integrative, collections-based research focused 
on terrestrial arthropods or aquatic insects. The successful candidate 
is expected to develop an internationally recognized research program 
utilizing modern methods, which may include bioinformatics, in pursuing 
systematic research on a terrestrial arthropod or aquatic insect group with 
relevance to phylogenetics, genetics, evolution, morphology, behavior, 
biogeography, biodiversity, ecology, or related fields. Frequent publication 
of highly regarded papers in competitive, peer-reviewed journals, curation 
of collections in specialty area, service to the scientific community in 
leadership capacities, acquisition of external funding, engagement in 
outreach activities, and mentorship of students are expected. 


This is a Federal Civil Service position for which U.S. citizenship is 
required. It will be filled at the GS-12 level ($75,621-$80,622 per year). 
College transcripts and proof of U.S. accreditation for foreign study 
must be submitted online by the closing date of announcement or your 
application will be disqualified. For application procedures go to www. 
sihr.si.edu and refer to Announcement 14A-JW-299547-DEU-NMNH. 
Applications and all supporting documentation must be received online 
by Friday December 05, 2014 and must reference the announcement 
number. Applicants will be notified by e-mail when their applications 
are received. 


The Smithsonian Institution is an Equal Opportunity Employer. 


| SCHOOL OF MEDICINE 


INDIANA UNIVERSITY 
Tenure Track Faculty Positions in Solid Tumors 

Indiana University Melvin and Bren Simon Cancer Center and the Department 
of Biochemistry and Molecular Biology at Indiana University School of 
Medicine are jointly seeking applications for tenure track positions at all ranks 
to establish a rigorous research program focusing on solid tumors. Indiana 
University School of Medicine offers a highly interactive scientific environment 
with many multidisciplinary centers and state-of-the-art core facilities including 
transgenic, imaging, genomic, proteomic, and chemical genomics (http://www. 
medicine.iu.edu/research), as well as a one teraFLOP/s supercomputer that has 
time dedicated to bioinformatics computing, a Biobank with >2 billion medical 
records, active genomics projects, and a robust graduate training program. IU 
Simon Cancer Center is an NCI designated cancer center with basic and clinical 
programs ranging from understanding the basic biology of the normal organs 
to first-in-human clinical trials. The cancer center is also the home of Susan G. 
Komen normal breast tissue bank, which collects and stores breast tissue, serum, 
plasma, and DNA from healthy donors. 

Candidates with research interests in solid tumors and programs complement or 
strengthen the existing research activities in the cancer center and the department, 
or who bring novel approaches and/or expertise in signaling mechanisms, systems 
biology, proteomics/genomics, bioinformatics, microRNA-mediated processes, 
epigenetics, metabolism, chemical biology, and genetic/disease model systems are 
encouraged to apply. Successful applicants are expected to develop innovative, 
independent and extramurally funded research programs and participate in the 
activities of the cancer center and the department. Highly competitive salary, 
start-up funds and laboratory space will be provided. 


Minimal qualifications for the positions include an MD and/or PhD, post-doctoral 
experience, and clear evidence of research productivity for junior investigators, 
and a distinguished research/funding record for senior level positions. Interested 
candidates should send: (1) a curriculum vitae; (2) contact information for three 
references; and (3) a 1-2 page statement outlining the applicant’s future research 
plans. Send all three as one PDF file by e-mail to chasmill@iupui.edu with 
‘Cancer Position’ as the subject of the message. Deadline for application is 
December 12, 2014. 
Indiana University is an Equal Opportunity Employer committed to building 
a culturally diverse intellectual community and strongly encourages 
applications from women and minorities. 


o 
INSTITUT PASTEUR 


Department of Parasites and Insect Vectors 


FACULTY POSITIONS IN PARASITES AND INSECT VECTORS 


The Institut Pasteur in Paris announces an international call for 
outstanding candidates at all levels to establish independent research 
groups in the Department of Parasites and Insect Vectors. Preference 
will be given to studies of trypanosomes/tsetse flies, Leishmania/ 
sandflies, malaria/Anopheles, and Toxoplasma. We expect to recruit a 
new faculty member in each of the following areas: (i) field or clinical 
research emphasizing epidemiology, pathogenesis, intervention studies, 
transmission, or populations of parasites or vectors, and (ii) laboratory- 
based studies on all aspects of parasite or vector biology. Attractive 
start-up and ongoing support includes salary, equipment, and operating 
costs. In addition, Institut Pasteur provides access to state-of-the-art 
technology platforms, and to laboratories and research infrastructure in 
disease-endemic regions through the Pasteur International Network. 


The application should comprise the following (in order) in a single 
pdf file: (i) A brief introductory letter, (ii) CV and full publication list, 
(iii) A description of past and present research activities (4-5 pages 
with 1.5 spacing), (iv) The proposed research project (8-10 pages with 
1.5 spacing). Separately, provide the names of 3 scientists from whom 
letters of recommendation can be sought, together with the names of 
scientists with a potential conflict of interest from whom evaluations 
should not be requested. 


Applications and requests for information should be addressed to 
parasitology@pasteur.fr by 15 January 2015. Short-listed candidates 
will be invited for interviews in early 2015 and decisions will be 
announced by mid-2015. 


DI DENVER 


Department of Biological Sciences 
Assistant Professor — Cellular Neuroscience 


The Division of Natural Sciences and Mathematics at the University of Denver 
has been expanding our Molecular Life Sciences Initiative with 12 tenure- 
track hires in recent years. The Department of Biological Sciences invites 
applicants for a tenure track faculty position at the Assistant Professor level 
to begin September 1, 2015. We are seeking cellular neuroscientists that use 
biophysical methods to study basic questions in neurobiology that include but 
are not limited to the study of membrane trafficking and exocytosis, signal 
transduction, and cell physiology. Individuals applying advanced fluorescence 
imaging or electrophysiology are encouraged to apply as are individuals 
working with model organisms or in vitro culture systems. The successful 
candidate will have a Ph.D. and post-doctoral experience in an appropriate 
field, will develop an extramurally funded research program, will supervise 
Ph.D. and M.S. students and undergraduate research projects and will teach 
undergraduate and graduate courses in area of expertise. All candidates must 
submit their application through https://dujobs.silkroad.com/. Information on 
Departmental programs can be found at http://www.du.edu/nsm/departments/ 
biologicalsciences/. Successful applicants will also be eligible to participate 
in the interdepartmental Molecular and Cellular Biophysics Ph.D. program 
http://www.du.edu/nsm/departments/molecularandcellular/index.html. 


The online application should include: a curriculum vitae, and separate 
statements of research interests and teaching philosophy and two recent 
publications. In addition, at least three recommenders should email letters of 
reference to: Faculty Search Committee, University of Denver, Department of 
Biological Sciences at biology.rec@du.edu. The review of applications will 
begin November 15, 2014 and continue until the position is filled. Contact 
Cedric Asensio at cedric.asensio@du.edu if you have questions regarding 
the search. 


The University of Denver is committed to enhancing the diversity of its 
faculty and staff and encourages applications from women, minorities, 
members of the LGBT community, people with disabilities and veterans. The 
University is an Equal Opportunity/Affirmative Action Employer. 


ft ba 4 B £ Southwest Jiaotong University, P.R.China 
‘osueesity Anticipates Your Working Application 


Southwest Jiaotong University (SWJTU), founded in 1896, situates itself in Chengdu, the provincial capital of Sichuan. 
It is a national key multidiscipli “211” and “985 Feature” Projects university directly under the jurisdiction of the 
Ministry of Education, featuring engineering and a comprehensive range of study programs and research disciplines 
spreading across more than 20 faculties and institutes/centers. Boasting a complete Bachelor-Master-Doctor education 
system with more than 2,500 members of academic staff, our school also owns 2 first-level national key disciplines, 2 
supplementary first-level national key disciplines (in their establishment), 15 first-level doctoral programs, 43 first-level 
master programs, 75 key undergraduate programs, 10 post-doctoral stations and more than 40 key laboratories at national 
and provincial levels. 

Our university is currently implementing the strategy of “developing and strengthening the university by introducing and 
cultivating talents”. Therefore, we sincerely look forward to your working application. 

More information available at http://www.swjtu.edu.cn/ 

I. Positions and Requirements 

A.High-level Leading Talents 

It is required that candidates be listed in national top talents programs such as Program of Global Experts, Top Talents 
of National Special Support Program, “Chang Jiang Scholars”, China National Funds for Distinguished Young 
Scientists and National Award for Distinguished Teacher. 


Candidates are supposed to be no more than 50 years old. The limitation could be extended in the most-needed areas of 


disciplinary development. 

Candidates who work in high-level universities/institutes and reach the above requirements are supposed to be no more 
than 45 years old. 

B. Young Leading Scholars 

Candidates are supposed to be listed in or qualified to apply for the following programs: 

*National Thousand Young Talents Program 

The Top Young Talents of National Special Support Program(Program for Supporting Top Young Talents) 

*Science Foundation for the Excellent Youth Scholars 

Candidates should have good team spirit and leadership, outstanding academic achievements, broad academic vision and 
international cooperation experience and have the potential of being a leading academic researcher. 

C. Excellent Young Academic Backbones 

Candidates under 40 years old are expected to graduate from high-level universities/institutes either in China or other 
countries. Those who are professors, associate professors and other equal talents from high-level universities/institutes 
ov could be employed as professors and associate professors as well. 

D. Excellent Doctors and Post Doctoral Fellows 

Candidates under 35 years old are supposed to be excellent academic researchers from high-level universities either in 
China or other countries. 

II. Treatments 


The candidates will be provided with competitive salaries and welfares that include settling-in allowance, subsidy of 


rental residence, start-up funds of scientific research, assistance in establishing scientific platform and research group as 
well as international-level training and promotion . As for outstanding returnees, we can offer further or specific 
treatments that can be discussed personally. 


Contacts: Ye ZENG & Yinchuan LI Telephone number: 86-28-66366202 Email: talent@swjtu.edu.cn 


Address: Human Resources Department of SWJTU, the western park of high-tech zone, Chengdu, Sichuan, P.R.China, 
611756 


NANJING TECH 
UNIVERSITY 


MRE ATE 
Overseas Talents Recruitment 


Nanjing Tech University, with a history of more than one 
hundred years, is a multidisciplinary university with a particular 
strength in engineering. 


Aiming at excellence and innovation, Nanjing Tech University is 
set to become a first-class research university with a global 
vision. We are now seeking outstanding academic and research 
leaders in the following and related fields: Basic disciplines from 
within the Physical Sciences; Cutting edge disciplines from 
within the Life Sciences; Applied disciplines from within the 
Information Sciences; Humanities represented by Management 
Science. 


Applicants should have a Ph.D. with at least 3-years research 
experience from leading universities or institutes. Candidates 
should demonstrate an internationally recognized research 
record and outstanding achievements. Successful candidates are 
expected to develop vigorous research programs and lead an 
independent research team. Successful candidates will be 
provided with a competitive relocation fee and salary package, 
generous start-up funds and spacious laboratories. 


Interested candidates should visit http://rezyb.njtech.edu.cn 
for application details. 

Phone: Ms. Wang +86-25-58139148. 

E-mail: job@njtech.edu.cn 


> 
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Peking University Shenzhen Graduate School 


Five tenure-track positions at the Associate Professor level 
in the areas of Chemistry and Biology 


The School of Chemical Biology and Biotechnology (SCBB) at 
Peking University Shenzhen Graduate School (PKUSZ) invites 
applications for five tenure-track positions at the Associate Professor 
level in the areas of Chemistry and Biology. Subfields of particular 
interest are biosynthesis, structural biology, cellular/molecular 
neuroscience, cancer biology and vascular or inflammation biology. 


Located in Shenzhen, the SCBB of PKUSZ is dedicated to promote 
basic and applied research bridging chemistry and_ biology. 
Applicants with a strong interest and collaborative experiences in the 
interdisciplinary field of chemical biology are particularly 
encouraged to apply. Successful candidate shall complement and 
enhance the existing expertise of our faculty members, and is 
expected to establish an internationally competitive independent 
research program. 


Applicants should hold a Ph.D. degree; have substantial postdoctoral 
training with a record of excellent research accomplishment. 
Complete application should include curriculum vitae, a 2-page 
description of research accomplishments, a 3-page description of 
future research directions, and three letters of recommendation. All 
application materials and enquires should be sent to:mengf 
@pkusz.edu.cn. 


http://www.pkusz.edu.cn/ 


Faculty Positions Available at The IAS and 
The MRI, Wuhan University, Wuhan, China 
Two newly founded institutes at Wuhan University in 
China, the Institute for Advanced Studies (IAS) and the 
Medical Research Institute (MRI), cordially invite 
applications for ~50 each, open-rank faculty positions 
in Biology, Chemistry, Physics, Material Sciences, and 

Medical Sciences. 


All applicants must have a Ph. D or MD and a successful 
postdoctoral experience. Successful candidates will be 
expected to establish an active research program in relevant 
disciplines. We offer internationally competitive recruit- 
ment packages. 


The applicants should submit, electronically, a full CV, a 
research statement and contact information of three referees 
in a single PDF file to wdgyy@whu.edu.cn (for IAS 
positions) or shuoffice@whu.edu.cn (for MRI positions). 


Applications that apply for both institutes at the same time 
will not be accepted and further processed. 


http://hr.whu.edu.cn/ 


Science Careers online @sciencecareers.org 
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online @sciencecareers.org 


Science Careers 


ul SOUTHWESTERN 
MEDICAL CENTER 


Hamon Center for Regenerative Science and Medicine 


The Center in Regenerative Science and Medicine (CRSM) is a new 
initiative recently launched by UT Southwestern Medical Center, led by 
Eric N. Olson, Ph.D. and supported by an endowment from the Hamon 
Foundation. The CRSM incorporates discovery science, translational 
research, and clinical application, building on UT Southwestern’s solid 
research foundation and clinical enterprise. The vision of CRSM is to 
decipher fundamental mechanisms of tissue formation and to pioneer 
new approaches to rejuvenate and regenerate damaged organs. 


We are seeking to hire two new faculty members at the rank of Assistant 
or Associate Professor (tenure track). We are looking for accomplished 
research scientists with expertise in stem cell biology, iPS disease models, 
direct reprogramming, or tissue/bioengineering approaches. Preference 
will be given to those individuals examining the molecular mechanisms 
of human disease. Consideration will be given to individuals with a PhD, 
MD, or MD/PhD. 


Attractive recruitment packages, including salary support, state-of-the- 
art core facilities, and exceptional laboratory space are available. UT 
Southwestern has a vibrant graduate program and an atmosphere of 
collegiality and collaboration. 


Applicants should submit a curriculum vitae containing a summary of 
past research accomplishments, a statement of future objectives, and 
names of three references via email to: 
Eric N. Olson, PhD 
Hamon Center for Regenerative Science and Medicine 
University of Texas Southwestern Medical Center 
CRSM@UTSouthwestern.edu 


UT Southwestern Medical Center is an Affirmative Action/Equal 
Opportunity Employer. Women, minorities, veterans and individuals 
with disabilities are encouraged to apply. 


INSTITUTE OF BIOSCIENCES 
AND TECHNOLOGY 


It TEXAS A&M HEALTH SCIENCE CENTER 
Faculty Positions in Biomedical/Health Science Research 
Institute of Biosciences and Technology, 

Center for Epigenetics & Disease Prevention 


The Texas A&M Health Science Center Institute of Biosciences and 
Technology (IBT), http://ibt.tamhsc.edu/, is an internationally recognized leader 
in biomedical and health science research located at the Texas Medical Center in 
Houston, TX, with existing strengths in Epigenetics, Cancer/Stem Cell Biology, 
Infectious Disease, and Environmental Health. 


The IBT is entering an expansion phase and will be recruiting faculty members 
into the new Center for Epigenetics & Disease Prevention (http://www.ibt. 
tamhsc.edu/research/cedp/). New hires will receive highly competitive 
packages for salary, start-up, and support for graduate education, along 
with outstanding laboratory and office space in the Texas A&M Health 
Science Center Alkek Building in the Texas Medical Center. 


Applicants should have an M.D., Ph.D. or M.D./Ph.D. degree in biochemistry, 
cellular and molecular biology, genetics, or a related science, and an outstanding 
publication record in the epigenetics area (first or senior author in the highest 
impact journals relevant to the field). Applicants at the Assistant Professor 
level should have at least 3 years post-doctoral experience. Current/ongoing 
extramural funding would be viewed favorably during the review process. 
Successful candidates will be expected to establish an independent research 
group, conduct highly meritorious research, establish collaborations with other 
investigators in the Texas Medical Center and components in the Texas A&M 
University System, and to obtain significant extramural funding. Applications 
will be received and evaluated on a rolling basis, starting November 3, 2014. 
To apply, please send a cover letter, curriculum vitae, statement of research 
interests, copies of two key publications, and at least three reference letters to: Dr. 
Roderick H. Dashwood, Search Committee Chair, Institute of Biosciences 
and Technology, 2121 W. Holcombe Blvd., Houston, TX 77030-3303; E-mail: 
rdashwood@ibt.tamhsc.edu. 


The Texas A&M Health Science Center is an Equal Opportunity/Affirmative 
Action/Veterans/Disability Employer. 
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Search 1489 jobs 


Browse alll jobs 
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Search thousands of jobs 
on your schedule 


Receive push notifications 
per your job search criteria 


Get a job on the go. 

Search worldwide for thousands 
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industry, and government. Keep 
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field—set up an alert for the type 
of job you are looking for and 
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jobs are posted that meet your 
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is seamless, linking you directly 
to job postings from your 
customized push notifications. 


Scan this code to 
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IOWA STATE UNIVERSITY 


Tenure-Track Faculty Position in Population Biology 


The Ecology, Evolution & Organismal Biology (EEOB) Department seeks 
a scholar employing theoretical or empirical approaches to understand the 
ecological or evolutionary dynamics of populations in response to abiotic or 
biotic stressors. Research may investigate the characteristics of individual 
or interacting species of any taxon in the context of population responses 
to environmental stress, broadly defined to include, for example, global 
climate change, habitat disturbance, or altered species interactions (invasive 
species, disease agents, predators, competitors, mutualists), among others. 
Successful candidates are expected to establish a vibrant, externally funded 
research program, demonstrate an ability to work collaboratively within 
existing research strengths at ISU (including a Presidential Translational 
Health Initiative), and teach undergraduate and graduate education courses, 
including courses in their area(s) of expertise. 


Candidates must hold a Ph.D. by the time of appointment. 


All applications must be submitted electronically at www.iastatejobs.com 
(vacancy #400041). Please be prepared to attach a letter of application, 
including concise teaching and research statements, curriculum vitae, and up 
to three reprints. Submission of three confidential letters of recommendation 
should be arranged as per instructions in the on-line application system. The 
positions will remain open until filled. Full consideration will be given to 
applications received by 6 November 2014. For additional information please 
email brent@iastate.edu. 


Iowa State University is an EO/AA Employer. All qualified applicants 
will receive consideration for employment without regard to race, color, 
religion, sex, national origin, disability, or protected Vets status. Iowa 
State University is an AAU-member comprehensive, land grant, Carnegie 
Doctoral/Research Extensive University with an enrollment of over 33,000 
students. The university is located in Ames, IA, one of the nation’s most 
highly rated metropolitan areas of its size (http://www.iastate.edu/about/ 
ames.php) and is only 35 miles north of Des Moines. ISU is committed to 
achieving inclusive excellence through a diverse workforce and is dedicated 
to supporting work-life balance through an array of flexible policies. 


Chief Executive Officer 


Challenging opportunity for a respected senior scholar to lead 
South Africa’s major research funding agency 


The Board of the National Research Foundation invites nominations 
and applications for the position of Chief Executive Officer. 


The National Research Foundation (NRF) is an autonomous statutory science council. In accordance with Act 23 of 1998, the NRF supports and 
promotes research, human resource development and the development of science infrastructure in order to facilitate the creation of knowledge, 
innovation and development in all fields of research, science and technology, including indigenous knowledge, thereby contributing to the improvement 
of the quality of life of all the people of the Republic of South Africa. As a statutory body its role is to stimulate research and promote the development 
of high-level human resources in the research system. The Foundation is also responsible for the operation of seven national research facilities and 
for the co-ordination of a range of regional and international collaborations. 


The CEO of the NRF is its chief administrative and executive officer and is accountable to the Board of the NRF of which s/he is a member. The 
incumbent will represent the Foundation in its dealings with the community of scholars and researchers in higher education, research institutions, 
government, as well as the private and public sectors. 


Since the NRF has significant global engagements, it will be necessary for the incumbent to operate effectively in this context. 


The CEO of the NRF should be a distinguished scholar who is capable of providing strategic research management ability and intellectual leadership 
across the broad sweep of the natural, social, human, health, agricultural and engineering sciences. S/he must also have a proven and accomplished 
record in the management of a complex, multi-faceted organisation, including financial and human resources. This leadership would have to be a 
uniting and constructive force for change within the context of the reconstruction and development of the South African research and science capacity 
and society. In particular, s/he would have to be committed to the development of a set of imaginative and innovative programmes to deal with the 
vast race, gender and disciplinary imbalances that characterise the national science system. 


Applications or nominations, including a statement of intent, a detailed CV which includes the names, addresses and contact numbers of 
at least three referees who are willing to provide a reference, should be submitted 
by 7 November 2014 in confidence to: nrf@humanjobs.co.za 


Further information regarding the post and the selection procedures can be obtained 
from Mr PB Thompson, Group Executive: HR & Legal Services at +27 (12) 4814073 _~ ® 


or at patrick@nrf.ac.za National 


NRF website: www.nrf.ac.za Resea rch 
The NRF is committed to employment equity and redress. RE Foundation 


Correspondence will be conducted with the short-listed candidates only. 


IOWA STATE UNIVERSITY 


Tenure-Track Faculty Positions in Macroecology and Plant and Microbial Ecology 


As part of a major interdisciplinary hiring initiative in the College of Liberal Arts and Sciences at lowa State University (ISU), a new joint initiative by the 
Departments of Geological and Atmospheric Sciences; Ecology, Evolution and Organismal Biology; and Economics and the Greenlee School of Journalism 
and Communication aims to expand our capabilities for fundamental research on sustainable environmental systems. Multiple new hires in the field of 
Sustainability Science (http://www. las. iastate.edu/faculty-staff/faculty-careers/sustainability-science) are planned for the next 2-3 years and should expect 
to benefit from and contribute to the interaction and collaboration among these and other departments. 


As part of this initiative, the Department of Ecology, Evolution and Organismal Biology invites applications for tenure-track faculty positions in macroecology 
and in plant and/or microbial ecology at the Assistant Professor level. These new faculty will have the opportunity to join a synergistic focal group in the 
area of Sustainability Science that will serve to facilitate team building and integrative research. 


The macroecology hire will contribute to research examining integrated functioning of biological and physical components across multiple scales and the 
role of spatial and temporal patterns and processes as they relate to the development of sustainable environmental systems. Research could include state- 
of-the-art computational approaches, developing and applying ecological theory, and/or novel empirical analyses. This hire could also develop research 
that interprets and reports on large data sets across developing research networks spanning a range of scales. 


The plant or microbial ecology hire will contribute to integrated research addressing biological and physical controls on material and energy fluxes in 
environmental systems. The person will examine plant and/or microbial processes or interactions, and might employ a spectrum of investigative tools and 
technologies across multiple scales. 


Candidates must hold a Ph.D. by the time of appointment and are expected to establish successful, externally funded research programs and to teach at the 
undergraduate and graduate levels. 


All applications must be submitted electronically at www.iastatejobs.com (vacancy #: 400025 for macroecology and #400026 for plant and microbial 
ecology). Please be prepared to attach a letter of application, including concise teaching and research statements, curriculum vitae, and up to three reprints. 
Submission of three confidential letters of recommendation should be arranged as per instructions in the on-line application system. The positions will remain 
open until filled. Full consideration will be given to applications received by November 21, 2014. For additional information please email macroeco@ 
iastate.edu or plantmic@iastate.edu. 


Iowa State University is an EO/AA Employer. All qualified applicants will receive consideration for employment without regard to race, color, religion, 
sex, national origin, disability, or protected Vets status. lowa State University is an AAU-member comprehensive, land grant, Carnegie Doctoral/ 
Research Extensive University with an enrollment of over 33,000 students. The university is located in Ames, IA, one of the nation s most highly rated 
metropolitan areas of its size (http://www.iastate.edu/about/ames.php) and is only 35 miles north of Des Moines. ISU is committed to achieving inclusive 
excellence through a diverse workforce and is dedicated to supporting work-life balance through an array of flexible policies. 
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Nontraditional 
Careers: 


Opportunities 
Away From 
the Bench 


Webinar 


Want to learn more about exciting 
and rewarding careers outside of 
academic/industrial research? 
View a roundtable discussion that 
looks at the various career options 
open to scientists and strategies 
you can use to pursue a 
nonresearch career. 


Now Available 
On Demand 


www.sciencecareers.org/ 
webinar 


Produced by the 
Science/AAAS Business Office. 
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CARNEGIE 


av! 
SCIENCE 
TENURE-TRACK POSITION in 


Cellular/Molecular Neuroscience 
Carnegie Mellon University 


The Department of Biological Sciences at Carnegie 
Mellon University seeks applicants for a tenure-track 
position, preferably at the assistant professor level. This 
search is associated with the BrainHub (website: http:// 
www.cmu.edu/research/brain/), a campus-wide ini- 
tiative to expand brain research across multiple disciplines 
within the university and with significant investment in 
facilities for imaging, animal handling, computing and 
high-throughput technologies. Applications are encour- 
aged from outstanding individuals whose research ad- 
dresses molecular mechanisms of neural function and 
disease including, but not limited to, the formation 
and function of neural circuits, synaptic biology, the 
molecular basis of neurological disease, and the appli- 
cation of new experimental technologies (e.g., imaging 
or sequencing tools for real-time analysis of neural 
function, protein localization, or gene expression in dis- 
crete neural subsets or individual cells). The Department 
of Biological Sciences provides a highly collaborative 
and interdisciplinary environment that integrates mod- 
ern biological research at cellular and sub-cellular levels 
of organization (http://www.cmu.edu/bio). Success- 
ful candidates will have the opportunity to join the 
Center for the Neural Basis of Cognition, an interdis- 
ciplinary and collaborative group of neuroscientists from 
Carnegie Mellon and the University of Pittsburgh. 
Carnegie Mellon University offers highly competitive 
salaries and startup funding, and Pittsburgh is an urban 
environment that provides a high quality of life. 

Review of applications will begin on November 1, 
2014. Applications, including a cover letter, curriculum 
vitae, research and teaching statements and copies of no 
more than three relevant papers should be submitted 
electronically (in PDF format) to https://apps.bio.cmu. 
edu/facultySearch/. Applicants should also arrange for 
at least three reference letters (also in PDF format) 
to be sent directly to e-mail: bio-facsearch@andrew. 
cmu.edu. 

Carnegie Mellon considers applicants for employment without 
regard to, and does not discriminate on the basis of, gender, race, 
protected veteran status, disability, or any other legally protected 
Status. 


AQUATIC ECOLOGY 


The University of Arkansas Department of Biolog- 
ical Sciences seeks applicants for an ASSISTANT PRO- 
FESSOR nine-month tenure-track position in Aquatic 
Ecology (Position Y15932). Requirements: Ph.D. in 
ecology or related field, strong research record. Expec- 
tations: establish externally funded research program, 
contribute to undergraduate-graduate education, pro- 
fessional service. Application information website: http:/ 
biology/uark.edu/News/Aquatic-Ecology. Submit 
application (cover letter, curriculum vitae, research nar- 
rative, teaching statement, three reference letters) via In- 
terfolio (website: apply.interfolio.com/26778) by 
7 November 2014 for full consideration. Contact 
Dr. Marlis Douglas (e-mail: aquaecol@uark.edu). 
Affirmative Action/Equal Opportunity Institution/Veterans/ 
Disabled. 


The Singapore Centre on Environmental Life 
Sciences Engineering (SCELSE) at Nanyang Techno- 
logical University is seeking candidates to work as 
POSTDOCTORAL RESEARCHERS investigating 
the structure-function activity and mechanisms of ac- 
tion of a potent class of antimicrobial polysaccharide 
molecules for the control of infections. Ph.D.s in Mi- 
crobiology, Medicinal Chemistry, Molecular Biology, 
or relevant field with strong track record of publication 
in related disciplines are welcome to apply. Applicants 
should submit a cover letter describing their relevant 
research experience and career goals, as well as full 
curriculum vitae and the names of three references to 
Prof. Kimberly Kine at e-mail: kkline@ntu.edu.sg. 
Only successful applicants will be contacted. 


POSITIONS OPEN 
U.S. POSTAL SERVICE 


Statement required by the Act of 12 August 1970, 
Section 3685, Title 39, United States Code, showing the 
ownership, management, and circulation of: 

1-9. Science, Publication No. 0036-8075, is published 
weekly on Friday, except the last week in December, 
at 1200 New York Avenue, N.W., Washington, DC 
20005. Date of filing: 22 September 2014. This is also 
the address of the publisher, the editor, and the man- 
aging editor, who are, respectively, Beth Rosner, Marcia 
McNutt, and Monica M. Bradford. 

10. The owner is the American Association for the 
Advancement of Science, 1200 New York Avenue, N.W., 
Washington, DC 20005. Stockholders: None. 

11. Known bondholders, mortgages, and other se- 
curity holders owning or holding | percent or more of 
total amount of bonds, mortgages, or other securities: 
None. 

12. The purpose, function, and nonprofit status of 
this organization and the exempt status for federal in- 
come tax purposes have not changed during the pre- 
ceding 12 months. 

13-15. The average number of copies of each is- 
sue during the preceding 12 months is (A) Total num- 
ber of copies printed: 106,339; (B) Paid circulation: 
84,361; (1) Paid/Requested outside-county mail sub- 
scriptions stated on form 3541: 71,462; (2) Paid/ 
Requested in-county subscriptions stated on form 3541: 
0; (3) Sales through dealers and carriers, street ven- 
dors, counter sales: 12,886. (4) Other classes mailed 
through USPS: 14; (C) Total paid circulation: 84,361; 
(D) Free distribution: samples, complimentary, and oth- 
er free copies: 19,975; (1) Outside-county as stated 
on form 3541: 2,562; (2) In-county as stated on form 
3541: 0; (3) Other classes mailed through the USPS: 
1; (4) Free distribution outside of mail carrier or other 
means: 17,412; (E) Total free distribution: 19,975; (F) 
Total distribution: 104,336; (G) Copies not distributed: 
2,003; (H) Total: 106,339; (1) Percent paid and/or Re- 
quested Circulation: 80.9%. 

Actual number of copies of single issue (9/12/2014) 
published nearest to filing date are (A) Total number 
of copies printed: 271,450; (B) Paid circulation: 80,923; 
(1) Paid/Requested outside-county mail subscriptions 
stated on form 3541: 68,756; (2) Paid/Requested in- 
county subscriptions stated on form 3541: 0; (3) Sales 
through dealers and carriers, street vendors, counter 
sales: 12,153; (4) Other classes mailed through USPS: 
10; (C) Total paid circulation: 80,923; (D) Free dis- 
tribution: Samples, complimentary, and other free co- 
pies: 188,527; (1) Outside-county as stated on form 
3541: 2,664; (2) In-county as stated on form 3541: 0; 
(3) Other classes mailed through the USPS: 1; (4) Free 
distribution outside of mail: Carrier or other means: 
185,862; (E) Total free distribution: 188,527; (F) To- 
tal distribution: 269,450; (G) Copies not distributed: 
2,000; (H) Total: 271,450; (1) Percent paid and/or Re- 
quested Circulation: 30.0%. 

I certify that the statements made above are correct 
and complete. (signed) Beth Rosner, Publisher. 
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Every month, over 400,000 students and 
scientists visit ScilenceCareers.org in search 
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their careers. 
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public, Science Careers offers hundreds 
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UNIVERSITY OF CALIFORNIA 


UCRIVERSIDE 


DIRECTOR AND ENDOWED CHAIR 
ENVIRONMENTAL DYNAMICS AND GEOECOLOGY INSTITUTE 


The College of Natural and Agricultural Sciences (CNAS) invites applications for a tenured senior 
rank position for Director of the new Environmental Dynamics and GeoEcology (EDGE) Institute. 
The position will occupy a newly endowed chair and will include a tenured faculty position in one of 
the departments of CNAS. The successful candidate will lead a diverse group of faculty working in 
environmental change, global change biology, paleoecology, earth sciences, and conservation biology 
over both deep and contemporary time scales. The successful candidate will be expected to strengthen 
interdisciplinary collaborations, develop new funding initiatives, and become fully engaged in the 
research and teaching mission of the institute and the college. 


The candidate is expected to develop an independent and innovative research program exploring the 
impacts and mechanisms of environmental change in arid or semi-arid regions. Appropriate areas of 
expertise include, but are not limited to: geological/geochemical approaches to address the patterns 
and drivers of climatic and paleoclimatic change, arid land dynamics, desertification or the global 
change processes related to arid land expansion, landscape ecology, biogeography or ecosystem 
ecology in the context of global change. 


Applications must include a curriculum vita, statements of research and teaching interests, a perspective 
on leadership for a new institute, and full contact information for three to five referees. All application 
materials must be submitted through AP Recruit at: https://aprecruit.ucr.edu/apply/JPF00236. 


For more information about the position, please contact Prof. Mary Droser, Chair EDGE Institute 
Director Search, Department of Earth Sciences, University of California, Riverside, California. 
92521. E-mail contact: mary.droser@ucr.edu. Review of applications will begin December 15, 2014 
and will continue until the position is filled. Information about EDGE and the College of Natural and 
Agricultural Sciences at UCR is available at http://edge.ucr.edu and http://cnas.ucr.edu. 


The University of California is an Affirmative Action/Equal Opportunity Employer. All qualified 
applicants will receive consideration for employment without regard to race, color, religion, sex, 
national origin, age, disability, protected veteran status, or any other characteristic protected by law. 
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Building the Bionic Woman 


was shielded from stereotypes during my young and impressionable years. I didn’t realize they 
existed until maybe middle school, and by then, I’d already decided I wanted to build the Bionic 


Woman. 


I was always drawn to ‘techy’ stuff, but I also liked what people would consider typi- 


cal girly things. I would just as quickly ask for a RadioShack kit as a Betty Crocker oven, and 

get both. I learned to solder at the same time I was playing with dolls (not necessarily Barbie, 

although I did collect them for a while and have some that are quite valuable). In the third 
grade, I started programming in BASIC on a Commodore 64 computer in the basement. 


My parents were large influenc- 
ers in my life. From an early age, 
I loved math, puzzles, computers, 
and gaming, and I seemed to have 
a knack for them. I would watch 
anything that was science fiction. 
There was one show I particularly 
liked: The Bionic Woman. 

Middle school was the time when 
everyone started to ask you, “What 
do you want to do in life? What do 
you want to be?” I wanted to build 
the Bionic Woman! 

At first I wanted to be a doctor, 
like the ones who put Jaime—the 
Bionic Woman—together, but then 
I took biology and hated it. I be- 
lieve it was a science teacher who 
suggested engineering—after all, 
doctors didn’t build the bionic im- 
plants; they just did the operation. 

College is when I learned about stereotypes. “The only 
reason you're here is because the school needs diversity.” 
“Maybe you should think about applying to graduate 
school at XYZ University; they are trying to bump up their 
minority numbers.” When you hear comments like that 
and you're no longer getting straight A’s—and when you 
don’t realize you're actually doing well because everyone 
else is barely passing—you begin to doubt yourself. 

What kept me hopeful was a series of summer internships 
at NASA’s Jet Propulsion Laboratory (JPL). I remember get- 
ting some simple, menial task that first summer. I rocked 
it in less than a week, and they gave me more challenging 
tasks. I kept hearing, “She can figure out anything. She’s 
great; we'd better not lose her.” After the summer I’d go back 
to college, sit in class, and feel dumb again. 

I decided to work at JPL while going to graduate school 
because I knew I would need that ego boost. When I made a 
straight 4.0 GPA my first year, I thought I was lucky. When I 
received a Ph.D. fellowship, I thought I must have been the 
only one who applied. 


“I wanted to build the 
Bionic Woman!” 


I was 1 year out from earning 
my Ph.D. and had just won my first 
NASA grant. I arrived at my team- 
kickoff meeting to find one guy sit- 
ting in the room. “They moved the 
secretaries’ meeting down the hall,” 
he said. I held out my hand and 
said, “Oh, you must be so-and-so. 
Tm Dr. Howard. I’m running this 
meeting. Welcome to my team.” I 
had my confidence back. 

I started outreach programs for 
K-12 students and undergraduate 
women. Every summer, I hired and 
mentored undergraduate students 
at JPL; almost all of them contin- 
ued on to graduate school. Stu- 
dents came to me and said, “I was 
about to drop out, but I think I can 
do it now,’ or “I want to grow up to 
be a scientist like you,” or “You're 
the coolest.” Such unbiased, unfiltered expressions of grati- 
tude, hope, and admiration—they turned the tide for me. 
Td never thought of myself as a mentor, but I realized that, 
just as past words had punched holes through my soul, I 
could patch holes for others through my own words. In 
return, my own holes were filled. 

Today I’m a full professor, holding an endowed chair. 
I’m associate director of research for the robotics institute 
at Georgia Institute of Technology in Atlanta. ’m chief 
technology officer and founder of a startup. I still run out- 
reach camps for K-12 students, even a robotics camp for 
children with disabilities. Every so often, in the dark of 
night, I still get those twinges of self-doubt. But now I 
can just close my eyes, breath deep, and tell my own self, 
“Youre the coolest.” & 


Ayanna Howard is the Motorola Foundation Professor 

in the School of Electrical and Computer Engineering at 
Georgia Institute of Technology in Atlanta. For more on life 
and careers, visit www.sciencecareers.org. 
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